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PREFACE 

V 

The Space Telescope, t h e  f i r s t  large-aperture ,  long-term o p t i c a l  and u l t r a v i o l e t  
observa tory  t o  be launched i n t o  space, is r a p i d l y  approaching r e a l i z a t i o n .  By t h e  next  
I A U  General Assembly i n  1985, t h e  te lescope should be a v a i l a b l e  f o r  schedul ing of  observa- 
t i o n s  by gene ra l  observers .  

The o v e r a l l  Space Telescope P r o j e c t  opera tes  under t h e  d i r e c t i o n  of t he  Nat ional  
Aeronaut ics  and Space A d m h i s t r a t i o n ' s  George C. Marshall Space F l i g h t  Center ,  w i t h  
Goddard Space F l i g h t  Center  managing the f o c a l  plane instruments ,  mission ope ra t ions ,  and 
t h e  Space Telescope Science I n s t i t u t e  cont rac t .  

The p resen t  volume c o n s i s t s  of the  ten papers  presented a t  a s p e c i a l  s e s s ion  of  I A U  
Commission 44  held  i n  Pa t r a s ,  Greece, during t h e  18 th  General  Assembly, August 1982. me 
s e s s i o n  was j o i n t l y  sponsored by the European Space Agency and NASA. The papers ,  authored 
by ind iv idua l s  or groups who have played a major role i n  t h e  development of  t he  observa- 
t o r y ,  d e a l  with the  performance of  t h e  te lescope and ins t ruments  and with p lans  f o r  
observa t ions  and d a t a  reduct ion  and ana lys i s .  
because, i n  most cases, t h e  pro jec ted  performance of t h e  observa tory  is ex t r apo la t ed  from 
measurements of  p r o p e r t i e s  of actual components. 
overview of t he  observa tory ' s  s c i e n t i f i c  p o t e n t i a l  as perceived by t h e  s c i e n t i s t s  cur- 
r e n t l y  involved i n  its development. 

t h i s  volume poss ib le .  A l l  of t he  authors  provided camera-ready copy on schedule ,  f a r  
enough i n  advance of t he  a c t u a l  s e s s ion  to allow p r i n t i n g  of t h i s  volume for d i s t r i b u t i o n  
a t  t h e  General Assembly. The cover  image is a s imula t ion ,  by Dr. J. Kr i s t i an ,  of a 
3000-second V band i n t e g r a t i o n  with t h e  wide-f i e l d  mode of t h e  w i d e  f i e ld /p l ane ta ry  
camera, i n  which sources  as f a i n t  as % = 28 are d i s c e r n i b l e .  Goddard Space F l i g h t  Center  
undertook the  p r i n t i n g  and sh ipping  of t h e  volume, and Professor C. L. Goudas and t h e  IAU 
Local Organizing Committee i n  Pa t r a s  arranged its d i s t r i b u t i o n  t o  p a r t i c i p a n t s  a t  t h e  
General Assembly. Ms. Kimberly Apple of the Space Telescope Science I n s t i t u t e  coordinated 
arrangements wi th  the  au thors ,  Goddard Space F l i g h t  Center ,  and the  Local Organizing 
Committee. 

The papers  are p a r t i c u l a r l y  s i g n i f i c a n t ,  

Together, they r ep resen t  an  up-to-date 

The editor wishes g r a t e f u l l y  t o  acknowledge the  numerous con t r ibu t ions  t h a t  have made 
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Science Operations with Space Telescope 

Riccardo Giacconi 

I -  

Space Telescope Science Institute 
liomewood Campus 

Baltimore, Maryland 21218 

Introduction 

When Space Telescope begins operations in 1985, it will provide a major improvement in 
observational capabilities for optical astronomy. It will, in some sense, represent the 
first qualitative improvement in telescope capabilities in the optical domain since the 
completion in 1948 of the 200" Hale Telescope at Palomar Mountain. 

The unique capabilities of Space Telescope derive from the fact that the Observatory 
will be placed into orbit around the earth, and, therefore, its "seeing" will be 
unaffected by the obscuring and distorting effects of the earth's atmosphere. This will 
allow the attainment of an angular resolution, a sensitivity, and a wavelength coverage 
unachievable from the ground. 

Space Telescope (ST) is provided with a diverse complement of focal plane instruments, 
including cameras and spectrometers, which can be changed and improved over time. It will 
be used as a general purpose observatory available to astronomers from all over the world 
to carry out studies impinging ,on all areas of current astronomical interest. 

Space Telescope will be inserted into orbit and serviced by the National Aeronautics 
and Space Administration (NASA) Space Transportation System (Fig. 1). It is the insurance 
provided by this system--that a payload can be delivered into orbit in working condition 
and can be repaired and maintained as necessary over two decades--which justifies the 
large capital investment in this facility. 

Communications to and from Space Telescope will occur through the Tracking and Data 
Relay Satellite System (TDRSS), a system of geostationary communication satellites which 
are currently being installed. 

After reception at Goddard Space Flight Center (GSFC), the data will be transmitted to 
a newly created Space Telescope Science Institute (ST ScI) which will have responsibility 
for science operations. The ST ScI will select observations, prepare observing plans, 
issue (through GSFC) commands to the spacecraft, receive, reduce, analyze, and archive the 
data and distribute it to the observers. It will also be a first rank research 
institution with a resident staff of astronomers charged with the task of maximizing the 
scientific return from Space Telescope. Although this mode of operation is conventional 
in ground-based observatories, it represents a first for NASA. 

Space Telescope will, therefore, be the first major user of many of the general space 
systems capabilities which are now being developed as well as the first major orbiting 
observatory whose scientific management has been delegated by NASA to an independent 
institute managed by the astronomers themselves. 

step in the establishment of permanent observational capabilities for astronomy in space; 
ST is a test bed fo r  developing the necessary technology and operational experience that 
will permit implementation of the full array of spaceborne radio, infrared (IR), optical, 
ultraviolet (W), and X-ray telescopes, which are anticipated to follow in the next two 
decades. 

In addition, therefore, to its intrinsic interest, the ST Project is an important first 

It should be stressed that even in this context, Space Telescope is a bold and 
significant first step, and we are quite confident in our expectation that observations 
with Space Telescope will be at the cutting edge of much of the astronomical research of 
the next decade. 

The purpose of this symposium is to acquaint the international community of potential 
users with the design and performance characteristics of the Space Telescope and its first 
generation complement of instruments, with some detail of current operation plans and with 
some aspects of the expected scientific returns. 
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Figure 1. h e  space telescope being deployed by shuttle. 

Rhis symposium will include presentations by the NASA and European Space Agency (ESA) 
project scientists and by the leaders of the Investigation Definition and Experiment 
Development Teams, which will give us an up-to-date description of the ST system and of 
the focal plane instruments, as well as their performance characteristics and some of 
their application to specific observational objectives. 

In view of the above, I have taken as my main task today a discussion of the user 
aspects of the ST system. Given the existence of the ST ScI which is charged with the 
responsibility for the science operations, most of the interactions between the General 
Observers ( G o s )  with ST will occur through the Institute. After a brief summary of the ST 
capabilities, I will discuss, therefore, the nature of the ST ScI and some of the Science 
Operation Concepts currently being developed. I will conclude with some aspects of the 
expected impact of ST on astronomy. 

The telescope and focal plane instruments 

A rather complete description of the scientific and political history as as well as of 
the early development of the Space Telescope is contained in articles by R. O'Dell' and 
J. Bahcall and Lyman Spitzer, Jr.2 As currently being developed, ST Observatory 
(Fig. 2) consists of a mirror of 2.4-meter (94-inch) aperture, of Ritchey-Chretien 
optical design with an f/24 Cassegrain configuration. 
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Figure 2. Space telescope conceptual  drawing. 

One of t h e  most important c h a r a c t e r i s t i c s  of ST is t h e  high q u a l i t y  of t h e  image formed 
by t h i s  mirror a t  t h e  focal plane.  The Mirror has  now been cons t ruc ted  by Perkin-Elmer ( a  
second mirror of almost i d e n t i c a l  c h a r a c t e r i s t i c  w a s  cons t ruc ted  by Eastman Kodak) under 
t h e  s c i e n t i f i c  guidance of t h e  Telescope S c i e n t i s t s ,  W i l l i a m  G. Fast ie  of The Johns 

measured t o  have a system wave f r o n t  error of less than 1/60 of a wavelength RMS a t  632.8 
nm. Seventy per c e n t  of t h e  energy from a s t a r  f a l l s  i n  a r a d i u s  a t  t h e  f o c a l  plane o f  
less than 25 microns a t  632.8 nm, corresponding to  less than 0.1 a r c  seconds. A t  
121.6 nm, t h e  f r a c t i o n  of t h e  enc i r c l ed  energy remains l a s g e r  than 40%. The reflection 
e f f i c i e n c y  of t h e  aluminized ( U L E ) ,  MgF2-coated s u r f a c e s  is found to be b e t t e r  than 70% a t  
121.6 nm and b e t t e r  than 85% a t  632.8 nm. 

With appropr i a t e  f o c a l  plane instrumentat ion,  t h e  telescope w i l l ,  t he re fo re ,  u l t i m a t e l y  
cover  t h e  range of wavelengths from the  f a r  u l t r a v i o l e t  to  t h e  f a r  i n f r a red .  

The f i e l d  of view includes approximately 14 a r c  minutes; t h e  c e n t r a l  11 a r c  minutes 
have t h e  h ighes t  r e s o l u t i o n  and a r e  viewed by 5 f o c a l  p l ane  instruments:  t h r e e  Fine 
Guidance Sensors (FGS) view t h r e e  90° segments of an annulus of i nne r  and o u t e r  r a d i i  
approximately 11 and 14 arc minutes r e spec t ive ly  as seen  i n  Fig. 3. The c e n t r a l  2.7 x 2.7 
arc minutes are r e f l e c t e d  o f €  to one s ide  by a diagonal  mirror to  t h e  Wide-Field and 
Plane tary  Camera (WF/PC); f o u r  quadrants about 6 arc minutes wide around t h i s  c e n t r a l  area 
a r e  used by fou r  a x i a l  instruments.  

iioFkins .".nive.rsity and i.jafliei j, Shroeder of seioit Coilege* -L- - - & 1 - -  
L I X  u p L A c c L i  surf ace has been 
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Figure 3. Space t e l e scope  f i e l d  of view. 

The complement of s c i e n t i f i c  instruments3 includes,  i n  a d d i t i o n  to  the  Wide F ie ld  and 
P lane ta ry  Camera and Fine Guidance Sensors,  a F a i n t  Object Camera (FOCI, a F a i n t  Object 
Spectrograph (FOS), a High Resolution Spectrograph (HRS), and a High Speed Photometer 

The Wide F ie ld  and P lane ta ry  Camera4 can be operated i n  t w o  modes corresponding to  

(HSP). Basic c h a r a c t e r i s t i c s  of t h e  instruments a r e  summarized i n  Table 1. h. 

focal ra t ios  of f/12.9 or f/30. The f i r s t  g ives  a 2.7 x 2.7 arc min2 f i e l d  of view (Wide 
F i e l d ) ;  the  second, a 68.7 x 68.7 arc sec2 f i e l d  ( p l a n e t a r y ) .  The d e t e c t o r  c o n s i s t s  of a 
mosaic of fou r  CCD a r r ays  of 800 x 800 p i x e l s  each. The p i x e l  s i z e  i n  WF mode corresponds 
t o  O.l/arc sec and i n  t h e  PC mode to  0.043 a r c  sec. The f i r s t  mode y i e l d s  t h e  l a r g e s t  
f i e l d  of view ava i l ab le  on ST a t  t h e  expense of some r e s o l u t i o n ;  t h e  second a t t a i n s  n e a r l y  
t h e  f u l l  r e s o l u t i o n  of t he  optics.  The camera is s e n s i t i v e  i n  t h e  range 115.0 t o  1100.0 
nm and w i l l  y i e l d  a photometric accuracy of b e t t e r  than 1 percent  over  a wide dynamic 
range. I t  is equipped with 48 special purpose f i l t e r s  to  y i e l d  color information. Recent 
measurements of extremely l o w  no i se  c h a r a c t e r i s t i c s  i n s u r e  t h a t  t h e  instrument can achieve 
s e n s i t i v i t y  of b e t t e r  than %=28, f o r  po in t  sources  i n  one hour exposure. 
c e r t a i n l y  be one of t h e  most v e r s a t i l e  and widely used instruments  on ST. The instrument 
is being developed under the  l eade r sh ip  of J. A. Westphal of t h e  C a l i f o r n i a  I n s t i t u t e  of 
Technology. 

l eade r sh ip  of F. Duccio Macchetto ( P r o j e c t  S c i e n t i s t )  and H. C. Van den Hulst  (Team 
Leader). I t  is intended a s  a complementary instrument t o  t h e  WF/PC, which exp lo i t s  t h e  
f u l l  performance of ST by a t t a i n i n g  t h e  h ighes t  angular  r e s o l u t i o n  and s e n s i t i v i t y  i n  a 
narrower wavelength band (120 nm t o  500 nm). I t  can operate i n  t w o  modes, which produce 
images of 11 x 11 arc SeC' or 22 x 22 arc secz o n t o  Westinghouse t e l e v i s i o n  tubes  with 
MgF2 i n t e n s i f i e r s .  
arc sec re spec t ive ly .  . 
f e a t u r e ,  t h e  instrument can achieve very high angular  r e s o l u t i o n  (0.007 arc sec) i n  very 

I t  w i l l  

The Fa in t  Object Camera5 is being developed by t h e  European Space Agency under t h e  

Pixel  s i z e s  of 25 microns correspond i n  t h e  t w o  modes to 0.02 and 0.04 
The instrument records ind iv idua l  photons and, as a special 
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narrow f i e l d s ,  thereby pe rmi t t i ng  t h e  use of  post facto image r econs t ruc t ion  techniques. 
I t  is also equipped wi th  f i l t e r s ,  d i spers ing  elements ,  polarimeters, and a n  o c c u l t i n g  d i s k  
which w i l l  enhance its v e r s a t i l i t y  for  special observat ions.  

lablo 1. I n s t t u n t s  on th. f/24 2.- Altchev-Chrotlon SPACE TELESCaPE 

Flold - Res. Band-pass 
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The F a i n t  Object  Spectrograph is a s e n s i t i v e ,  medium-resolution (102 - l o 3 )  spectro- 
meter, which is being developed under the l e a d e r s h i p  of Richard J. Harms of  t h e  Univers i ty  
of C a l i f o r n i a ,  San Diego.6 The images formed by concave g r a t i n g s  ( f o r  s h o r t  wavelengths) 
or by a prism ( f o r  long wavelengths) are de tec t ed  by Digicon a r r ays .  The spectrograph 
w i l l  be s e n s i t i v e  from about  115 ma to 800 run. The d i f f e r e n t  modes can f u r n i s h  spectral 
r e s o l u t i o n  X/bX of l o 2  o r  l o 3  corresponding t o  the  a b i l i t y  t o  r e so lve  30 A, or 3 A ,  
r e spec t ive ly .  The smallest slit  s i z e  is 0.1 arc second. The ins t rument  can also be used 
to  s tudy  t h e  p o l a r i z a t i o n  of t h e  incoming l i g h t  and t o  s tudy  t i m e  v a r i a b i l i t y  i n  t h e  
s p e c t r a  of b r i g h t  sources with a reso lu t ion  of 10 millisec. The system is designed to 
have adequate  r e s o l u t i o n  f o r  t h e  s tudy  of very  f a i n t  objects. I t  is a n t i c i p a t e d ,  
t h e r e f o r e ,  t h a t  it w i l l  be widely used for much of. t he  spec t roscopic  work i n  which 
s e n s i t i v i t y  is t h e  bas i c  cons idera t ion .  

The High Resolut ion Spectrograph, which is being developed under t h e  l eade r sh ip  of  John 
C. Brandt o f  Goddard Space F l i g h t  Center,' is pr imar i ly  intended for  use  i n  t h e  110.0- to  
320.00-nm region  with r e so lu t ion  of 2 x l o 4  or  1.0 x l o 5 .  
corresponds t o  0.05 A, and w i l l  be one of t h e  f i n e s t  i n  as t ronomical  use. O f  course ,  such 
r e s o l u t i o n  is ob ta inab le  only  f o r  r e l a t i v e l y  b r i g h t  objects. The d i s p e r s i n g  elements  are 

The h i g h e s t  r e s o l u t i o n  

ORlGSNAF PAGE I3 
OF POOR QUALITY 
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concave g r a t i n g s  and t h e  d e t e c t o r s  are Digicon systems similar to  t h e  FOS. 
t h i s  instrument  w i l l  be some 100 t i m e s  b e t t e r  than t h e  I n t e r n a t i o n a l  U l t r a v i o l e t  Explorer  
( I U E ) ,  with f i n e r  spectroscopic r e s o l u t i o n  and photometric accuracy. 

The High Speed Photometer/Polarimeter is being developed under t h e  l e a d e r s h i p  o f  Robert 
C. Bless of t h e  University of Wisconsin.8 The instrument is designed to  c a r r y  o u t  high 
time r e s o l u t i o n  s tud ie s  of sou rces  ove r  a wide band of wavelengths, from 120 to  700 nm, 
ove r  i n t e r v a l s  as shor t  a s  10 microsec f o r  t h e  b r i g h t e s t  sources.  A number of f i l t e r s  can 
be used f o r  broad-band spectroscopy. Apertures  from 0.1 to  2.8 arc seconds can be used. 
The detectors are magnetically focused image d i s s e c t o r s  with no mechanically moving 
p a r t s .  Polar imetry of t h e  focused r a d i a t i o n  can be carried o u t  i n  t h e  near  u l t r a v i o l e t .  
The instrument is designed t o  be simple, precise, and rugged. I t  can be used to s tudy,  
f o r  i n s t ance ,  t i m e  v a r i a b i l i t y  of some of t h e  o p t i c a l  c o u n t e r p a r t s  of co l lapsed  o b j e c t s  
such as s t e l l a r  mass black ho le s  or  neutron stars. More g e n e r a l l y ,  it w i l l  be used t o  
e s t a b l i s h  photometric s t anda rds  and t i m e  v a r i a b i l i t y  f o r  a number of s t e l l a r  o b j e c t s .  

S e n s i t i v i t y  of 

The guidance system and t h e  f i n e  guidance senso r s  

ST can be pointed to  any des i r ed  p o s i t i o n  i n  t h e  sky by means of r e a c t i o n  wheels, which 
a r e  unloaded by means of magnetic torquing a g a i n s t  t h e  Ea r th ' s  magnetic f i e l d .  

Error s i g n a l  reference f o r  t h e  r e a c t i o n  wheels is provided by p r e c i s e  gyros on a l l  
t h r e e  axes. Gyro reference is c h a r a c t e r i z e d ,  i n  very l o w  no i se  systems, by small d r i f t  
rates; t h a t  is, gyros are s e n s i t i v e  t o  rate of angular  motion with t i m e .  Gyros are no t ,  
however, accu ra t e  enough to  determine a p r e c i s e  a b s o l u t e  poin t ing  d i r e c t i o n  or to  maintain 
it over  long periods of t i m e .  

I n  order t o  d e r i v e  abso lu te  po in t ing  d i r e c t i o n  and to  correct f o r  d r i f t ,  ST relies on 
f ixed  head s t a r  trackers and f i n e  guidance sensors .  The f i r s t  have wide f i e l d s  o f  view, 
which in su re  t h e  a c q u i s i t i o n  of b r i g h t  catalogued s t a r s  (mv( 8 ) ,  bu t  a r e  capable of 
e s t a b l i s h i n g  d i r e c t i o n  t o  no better than a few arc seconds. This  p r e c i s i o n  is s u f f i c i e n t  
f o r  coarse a l t i t u d e  determination bu t  is t o t a l l y  inadequate t o  p l ace  t h e  s m a l l  s l i ts  (.1 
a r c  sec) o f  t h e  ST spectrometers on the  d e s i r e d  o b j e c t s  or t o  permit long-term exposures 
and i n t e g r a t i o n  a t  t h e  high angular  r e s o l u t i o n  of which t h e  o p t i c a l  system and detector 
are capable.  Fine guidance senso r s  are used t o  determine t o  high p r e c i s i o n  t h e  p o s i t i o n  
of r e fe rence  stars with r e spec t  to t h e  system a x i s .  They c o n s i s t  of a Koester's prisms 
interferometers/photomultipliers combination which can determine s t e l l a r  p o s i t i o n s  t o  an  
accuracy of a few t o  s e v e r a l  mill iarc seconds wi th in  a f i e l d  of view of 15  m i l l i a r c  
seconds. They a r e  being developed a t  t h e  Perkin-Elmer Corporation. 

view f o r  s t a r s  of previously known coord ina te s  (guide s tars) ,  and t h e  d i f f e r e n c e  between 
t h e  a c t u a l  and predicted p o s i t i o n  of t hese  r e fe rence  o b j e c t s  is used to  update t h e  gyros 
each second of t i m e .  Estimates based on s t r u c t u r a l  models of t h e  ST, and on measured 
no i se  c h a r a c t e r i s t i c  of the  gyros,  y i e l d  an estimated po in t ing  s t a b i l i t y  of 0.007 arc 
seconds f o r  t h e  ST s y s t e m .  

The t h i r d  FGS can be used to c a r r y  o u t  a s t r o m e t r i c  measurements of designated objects 
with r e spec t  to  t h e  reference objects. An Astrometry Science Team, cha i r ed  by W. J e f f e r y s  
of the  Universi ty  of Texas a t  Austin,  is s tudying the  very s i g n i f i c a n t  c a p a b i l i t y  which ST 
opens up f o r  astrometric measurements of o b j e c t s  as f a i n t  a s  mv=17 t o  a p r e c i s i o n  of 0.002 
arc seconds. 

TWO of the  t h r e e  FGS (on ly  t w o  are needed) a r e  caused t o  scan t h e  69 arc min2 f i e l d  of 

In  order t o  ensure t h a t  guide s tars  a r e  p re sen t  everywhere i n  t h e  sky ST is pointed,  
wi th in  the  r e l a t i v e l y  small  angular  f i e l d  of view of t h e  FGSs, it is necessary t o  measure 
guide stars with p rec i se  p o s i t i o n s  (0.3 arc sec) to m,,=14.5 magnitude.1° 
s u i t a b l e  s t a r  catalogue e x i s t s ,  it is one of t h e  important t a s k s  of t h e  Space Telescope 
Science I n s t i t u t e  t o  develop t h e  required c a p a b i l i t y  prior t o  ST launch. More p r e c i s e l y ,  
po in t ing  o f  ST r equ i r e s  knowledge of t h e  t a r g e t  p o s i t i o n  with respect to  guide  s ta rs  
b r i g h t e r  than 14.5 magnitudes and v i s i b l e  wi th in  t h e  f i e l d  of view of t h e  FGSs, to a 
p rec i s ion  f i n e r  than t h e  des i r ed  minimum sl i t  s i z e .  I n  p a r t i c u l a r  cases, such a s  f o r  t h e  
0.1 a r c  second s l i t  of t h e  FOS, s m a l l  area scans must be performed to locate t h e  slit  
wi th in  t h e  unce r t a in i ty  of 0.33 arc seconds which is foreseen f o r  guide s tar  p o s i t i o n  
determinations.  

Since no 
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Ground control of ST 

The great flexibility and complexity of operation of the ST observatory and of each 
instrument requires on board computer control of most functions. The rather low orbit 
(28.5, degrees inclination, 500 km) permits only infrequent communication access from 
ground stations. Use of the geostationary TDRSS communication satellites ensures 
accessibility for about 85% of the orbit, but sharing the TDRSS capability with other 
missions will limit the time available to ST ground control for issuance of commands to 
about 20%. ST will, therefore, be operated in a far more automated mode than most 
astronomical observatories. 

Observations will be, in general, preprogramed, meaning that for each observation a 
series of ground commands will have to be worked out well in advance, as is nece'ssary to 
place the telescope in the required viewing orientation, to acquire guide stars, to select 
the specific focal plane instrument to be used and its specific operating mode, to obtain 
any necessary calibration sequences, and to store the data onboard until TDRSS is 
available. 

sun ( >  SOo), the bright limb of the earth ( >  7 0 " ) ,  and the moon (2 15"); therefore, 
obserTations of a specific object cannot, in general, be carried out except at specific 
times during the "season." Horeovet, the required time for slewing from one pointing 
direction to another is not negligible (18 minutes for 9 0 " )  , and the settling time, that 
is, the time required to identify and lock on to guide stars is also substantial 
(minutes). 

Most observations, therefore, will be strung together into an observing sequence well 
in advance (6 months) of observing in an effort to optimize efficiency of use of ST by 
minimizing instrument cycling and calibration times, slewing times, and settling times, 
and to take into account all viewing constraints or effects which might alter background 
rates--for instance, scattered zodiacal light or particle background as a function of 
geomagnetic coordinates. 

Real time control of the observatory will be possible for only a small fraction of all 
observations and will, in general, allow only for small positioning corrections or for 
selection of one among a few preprogrammed options by the observer. Transmission of data 
at a rate of one megabit/sec will be available about 20% of the time; for most of the time 
available, the rate is 4 kilobit/sec. The volume of data to be received from ST, while 
not unusually large for typical space missions, is a substantial and continous stream 
which requires highly automated procedures for data receipt and editing as well as for 
first-cut data reduction, processing, and archiving. 

been entrusted to the Space Telescope Science Institute. 

In addition, time varying viewing constraints are imposed by the necessity to avoid the 

The scientific planning and operation of Space Telescope is a demanding task which has 

Space Telescope Science Institute 

Space Telescope Science Institute (ST ScI) is an independent research institute 
operated by the Association of Universities for Research in Astronomy, Inc. (AURA) on 
behalf of NASA. 

The charter of this institute requires ST ScI to: 

Establish ST science program guidelines 
Select ST observers and archival researchers 
Provide direct technical support to observers before, during, and after their 
observation 
Fund U.S. users 
Develop science observations, procedures, and capability 
Develop an integrated observing schedule to be used by the operations control 
center 
Process, archive, and publicize the scientific data derived with the ST, making 
this information accessible 
Evaluate the scientific performance of the ST observatory and its individual 
scientific instruments and advise NASA on observatory status 
Sponsor ST-related research necessary for efficient use of the ST observatory 
Conduct a program to encourage writing scientists 
Promote international participation 
Establish a scientific staff of the first rank to perform the above functions 
and conduct their own research related to ST. 
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The Institute began its existence in April 1981. Staff is being recruited and a 
permanent facility to house it is being constructed on the campus of The Johns Hopkins 
University (JHU) in Baltimore, Maryland. Staff complement now stands at 50. Several of 
the long-lead-time activities have been initiated, in particular the definition of 
technical management and operation concepts, the development of a guide star selection 
system (GSSS) and the development of a science data reduction and analysis system 
(SDAS). These plans and concepts are described in a series of formal documents, including 
a technical management plan (MA-03),11 a G S S S  design concept (SO-04),12 a Science Data 
Analysis System (SDAS) concept (SO-03) , and Science Operations Concepts (SO-07) .  1 
These documents will be revised and refined as more is learned in the program, but they 
form the basis of our plans for implementation. The discussion that follows summarizes 
information contained in those documents. 

* ST ScI will be an institute with a staff of approximately 200, including some 50 
astronomers at the Ph.D. level. Some 40 of these astronomers are AURA staff, 10 will be 
ESA staff. Support staff will consist of AURA personnel as well as subcontractor support 
personnel provided by Computer Science Corporation (CSC) (under an AURA-CSC subcontract 
arrangement 1 , and of five ESA employees. 

ST ScI activities are organized by functional responsibilities into: Office of the 
Director, Program Management Division, Business Management Division, Data and Operations 
Division, Scientific Instrument Support Branch, Research Support Branch, General Observer 
Support Branch, Academic Affairs Branch, and two project offices for GSSS and for SDAS. 

Operations by the ST ScI staff will be conducted at two locations--the ST ScI facility 
(on the JHU campus) and the Science Support ( S S C )  Center at GSFC. Both facilities will 
operate on a 24-hour/day schedule (Fig. 4). 
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Figure 4. Space Telescope Science Institute relation to other project elements. 

Computational capabilities will be provided at one or the other of the facilities to 
support guide star selection, mission planning and scheduling, mission specifications and 
target acquisitions, science data quality evaluation, science instrument status and 
anomaly investigation, calibration activities, science data editing and archiving, science 
data analysis, and hard copy data generation. 
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The bulk of the hardware and software to support these activities is being developed 
for the ST ScI under a NASA contract to TFtW to provide a Science Operations Ground System 
(SOGS). The hardware is expected to consist of six VAX computers, two at the SSC and four 
at the ST ScI with appropriate peripherals. Additional computers for use by the Guide 
Stars Selection System and for supporting the Scientific Data Analysis System are being 
acquired by ST ScI directly. Much of the software for calibration of the data and for 
first-cut data reduction and analysis is being provided by the Instrument Development 
Teams and by the SDAS Project of the ST ScI. Data analysis capabilities will support 
interactive analysis efforts by the Institute staff for its own research as well as 
computational requirements of the General Observers (GOs) and Archival Researchers ( A M )  
as required. Copies of the data on magnetic tapes will be furnished to the GOs and ARs to 
permit further elaboration of the data at their home institution. 

through several mechanisms (Fig. 5 ) .  In addition to solicitation and support of GOs and 
ARs, the Institute will sponsor a program of Visiting Scientists and Post Doctoral 
Fellows. Members of the scientific community will be asked to serve on the internal 
commmittees of ST ScI such as the Time Allocation Committee and the Users Committee. An 
external Search Committee under the chairmanship of Jeremiah Ostriker is currently being 
used to review applicants for scientific positions at the Institute. AURA exercises its 
management oversight responsibilities of the Institute through a Space Telescope Institute 
Council ( S n C ) ,  chaired by Lyman Spitzer, Jr. A Visiting Committee drawn from the 
astronomical community will annually assess the performance of ST ScI and report to AURA 
Board of Directors and to the Associate Administrator for Science and Application of NASA. 

Community participation in the activities of the ST ScI and in its guidance will occur 

. 

Figure 5. Interaction of community with Space Telescope Science Institute. 
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Allocation of observing time 

After launch and an initial system check out and science verification activity lasting 
three months, observing time has been assigned to the scientists associated with the 
development of ST and the Science Instruments, for a steadily decreasing fraction of 
available time: 100% for two months, 50% for an additional six months, 25% for the next 
year and 10% for the next ten months. 
the first two and one-half years of the mission; correspondingly an increasingly large 
fraction of the time, amounting to 70% in the first two and one-half years, will be 
devoted to openly solicited, peer-reviewed, and competitively selected proposals. 
Scientific Staff members of the ST ScI will also obtain observing time through this 
competitive procedure. It is expected that on the average, scientists from ESA member 
states will capture at least 15% of available time for GOs. 

able time, is reserved for non-peer-reviewed observations that may become necessary for 
scientific support activities, for acquisition of targets of opportunity, and for 
high-risk or long-term programs not amenable to peer review. Actual utilization of this 
time will be reported periodically by the Director to STIC. 

According to recent NASA guidelines, the scientists involved in the early development 
of ST and ST Instruments must specify particular observing targets for the first two-and- 
one-half-year period, two years prior to launch. Listing of these targets as well as 
planned times of observations and instrument and mode selection will be made available to 
potential proposers at the time of an open selection (12 months before launch). 

and ground systems will also be provided by the ST ScI. This guide will contain 
instrument parameters, filter/grating selection, exposure/integration times and data 
format, instrument sensitivity, background, wavelength range, resolution, and other 
relevant parameters. (These parameters will be updated as orbital data are accumu- 
lated.) The users' guide will also contain target acquisition modes, calibration 
requirements, and lists of standard calibration targets--in short, the necessary informa- 
tion to design a scientific observation. 

It is anticipated that proposals will be solicited every six months to allow for an 
efficient cycle of review and scheduling. 

Proposals, formats, and contents will be specified in the solicitation. Typically they 

This amounts to an average use of 30% time during 

A Director's discretionary time, consisting of a fraction between 0% and 15% of avail- 

A users' guide containing detailed descriptions of the ST, the science instruments (SI) 

will require: 

A title 
Name and address of proposer 
Sponsoring institution 
Abstract of scientific justification 
Scientific justification 
Observing list 
Target identification for determination of guide stars 
Detailed observing sequence 
Special calibration requirements 
Special planning problems 
Previous ST experience 
Other commitments affecting scheduling 
Required data reduction and data products 
Budgetary requests 

Proposals will be analyzed by ST ScI staff for technical feasibility and scheduling 
constraints. They will be submitted to expert outside reviewers for COmmentS on 
scientific merit. Results of the evaluation will be made available to a Time Allocation 
Committee (TAC) which will advise the Director on priorities. The TAC will be composed of 
eight to twelve scientists broadly representative of astronomical disciplines, will be 
chaired by a senior ST ScI scientist, and will have a NASA and an ESA observer. 

Priority allocation is the responsibility of the Director. 

It is a process more complex than assignment of time at a ground based facility, since 
the available time is not fully known in advance and operational requirements impose in 
general the selection of a number of targets greater than can be accommodated in the 
available time. Thus, about 20% of the available time can be devoted to a high priority 
category of observations which will be carried out if at all possible, 65% of the time to 
medium priority observations which are carried out on a best effort basis, and 20 to 50% 
of the time to supplemental targets which will be used to fill the schedule when high and 
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medium priority targets are unavailable. In general, an observation of a high priority 
target will be planned to occur within six months of proposal approval, although target 
crowding and seasonal effects may push the observation to the next observing season (12 
months). Targets of lower priority will be acquired on a best effort basis. 

Upon scientific selection the mission operation and *scheduling group will begin to 
prepare an integrated observing plan six months prior to execution. This is required to 
prepare for Guide Star selection, for full identification of instrument modes and 
calibration requirements and for detailed sequencing of observations. 
take into account viewing restraints, ST constraints, viewing requirements, etc., and will 
be iterated to maximize scientific returns. In general, individual targets. from several 
GO programs will be intermixed in the sequencing process. 

the South Atlantic Anomaly, TDRSS visibility and location of ground based observatories. 
The ephemeris of ST will be known some 60 to 30 days in advance of observation with 
sufficient accuracy to set absolute times for events. At this point, monthly operating 
plans can be forwarded for comments and successive interactions to the SSC which will 
generate Science Missions Specifications, and transmit them to the Payload Operations 
Control Center (POCC), some 24 days prior to observations. Interactions with POCC are 
anticipated to take into account further operational requirements and better knowledge of 
satellite ephemerides. Unanticipated events such as the insertion of targets of 
opportunity or operational problems such as failed commands may still alter the program 
which will be finally fixed in detail some 24 hours prior to observations. 

complex sequence of steps required for observation scheduling. It is clear that under 
these conditions real time interaction with ST becomes difficult to implement. We 
anticipate that approximately 20% of the observations will be carried out with real time 
observer participation. Real time participation will consist of target acquisition 
assistance or of a choice among a few alternative modes of instrument use, each of which 
will have to be analyzed and planned in detail. 

The process must 

Some planning constraints are related to earth fixed phenomena, such as the location of 

I have gone into some detail in the above to give the reader a flavor of the reasonably 

Data rights policies and access 

Data from ST will be transmitted by GSFC to the ST ScI where data reduction will be 
performed. Data analysis capabilities will be provided at ST ScI to GOs and ARs as well 
as to Institute staff. In addition, ST ScI will perform the archival and distribution 
functions of the National Space Science Data Center (NSSDC) and the World Data Center - A 
for Rockets and Satellites for ST data.15 

Observational data obtained by ST for scientific research either as a result of the 
peer review proposal process or as a result of the time assigned to development phase 
scientist, will be considered proprietary for a one-year period, after the data is reduced 
to a form suitable for analysis. For astronomical research programs requiring a series of 
observations, the one-year period will start from the time that the program is 
substantially completed. In special circumstances, the one-year period can be extended 
for compelling scientific reasons by the ST ScI Director, but extensions beyond two years 
will be granted only in the most compelling cases and will have to be approved in each 
instance by the STIC. 

as well as to the public. Archival Researchers need only submit proposals if they need 
financial or technical support from ST ScI. Otherwise, data requests will be honored on a 
cost reimbursable basis, although small requests by qualified scientists may be honored at 
no charge as has been the practice of NSSDC. 

Requests for significant portions of the archives will be dealt with, by referring them 
to NASA, since they may impose a substantial burden on ST ScI capabilities. At the moment 
there exists an ESA-NASA agreement which provides for transfer on a cost reimbursable 
basis of archived, nonproprietary data from ST ScI to a European Coordinating Facility 
(ECF), which will be described by F. Duccio Macchetto. l6 

As computer and data storage technology improves, we expect to establish remote 
computer access to the ST SCI data base for the convenience of users. This may initially 
take the form of a browse capability and later be extended to direct access to the 
archive. These possibilities are not part of the current NASA plans and are just 
beginning to be explored. Ultimately we would expect that ST archival data.may be as 
easily accessible and as widely used as was the case for the National Geographic Society 
Mount Palomar Sky Survey. 

After the proprietary period, ST data will be made available to the community at large 
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Impact of ST on astronomy 

The broad wavelength coverage, angular  r e s o l u t i o n  and s e n s i t i v i t y  of t h e  ST observa tory  
w i l l  allow u s  t o  perform a number o f  observa t ions  c u r r e n t 1  u n f e a s i b l e  with ground-based 
instruments.  Several  s c i e n t i f i c  symposia and w o r k ~ h o p s ~ ~ ~ ~ ~ ~  have addressed t h e  poten- 
t i a l  s c i e n t i f i c  r e tu rns  to  be expected from ST i n  each s u b d i s c i p l i n e  o f  astronomy, and 
f u r t h e r  d i s c u s s i o n s  of s p e c i f i c  a p p l i c a t i o n s  w i l l  occur  a t  t h i s  Symposium. 

of many of t h e  outstanding a s t r o p h y s i c a l  problems of c u r r e n t  i n t e r e s t .  
I t  is c lear  t h a t  use o f  ST promises s i g n i f i c a n t  advances i n  t h e  p u r s u i t  and ex tens ion  

ST w i l l  make a fundamental c o n t r i b u t i o n  t o  t h e  determinat ion o f  t h e  d i s t a n c e  scale and 
age of t h e  Universe, by providing an extension of a f a c t o r  of t e n  i n  t h e  d i s t a n c e  over  
which w e  can measure the  p r o p e r t i e s  of t h e  s tandard candles ,  used i n  t h e  l o g i c a l  l a d d e r  
lead ing  t o  t h e  determination of the  nubble constant .  

Study of c l u s t e r s  of g a l a x i e s  and ind iv idua l  g a l a x i e s  a t  l a r g e r  r e d s h i f t s ,  then possi- 
b l e  from t h e  ground, w i l l  provide s i g n i f i c a n t  t es t s  of world models and cosmic evolut ion.  

The ex tens ion  of morphological c l a s s i f i c a t i o n  o f  g a l a x i e s  to  r e d s h i f t s  o f  order  of 1 
and t h e  ex tens ion  of s t e l l a r  populat ion s t u d i e s  a t  very f a i n t  l e v e l s  w i l l  provide 
important c l u e s  on t h e  formation, dynamics, and evolu t ion  of  ga lax ies .  

Study of t h e  c e n t r a l  regions of a c t i v e  g a l a c t i c  n u c l e i  and quasars  (QSOs) can provide 
t h e  b a s i c  d a t a  necessary t o  understand t h e  physics  o f  t h e  nuc lear  reg ions  of g a l a x i e s ,  and 
t h e  source of t he  tremendous energ ies  re leased  t h e r e ,  poss ib ly  g i a n t  co l lapsed  objec ts .  

ST promises t h e  extension of s t e l l a r  s tud ies  i n  o u r  own galaxy to  t h e  f a i n t  populat ion 
o f  s t a r s  which populate the  corona. S tudies  of phys ica l  c o n d i t i o n s  and chemical composi- 
t i o n  o f  t h e  i n t e r s t e l l a r  medium and s t u d i e s  of t h e  i n j e c t i o n  of material through s t e l l a r  
winds, evolu t ion  of ou te r  atmospheres of s tars ,  coronal  winds, c i r cums te l l a r  s h e l l s ,  
p lane tary  nebulae and supernova remnant can be extended with ST t o  t h e  UV range o f  
wavelengths. 

An area of g r e a t  p o t e n t i a l  f o r  ST observat ions r e l a t e s  to t h e  s tudy  of t h e  b i r t h  and 
evolu t ion  of s i n g l e  and b inary  stars and g lobular  s t a r  c l u s t e r s .  Future  ex tens ions  of ST 
c a p a b i l i t i e s  to  longer wavelength i n  t h e  inf ra red  w i l l  f u r t h e r  improve t h e  c a p a b i l i t i e s  
f o r  t h i s  type of research. 

Astrometric measurements with ST promise a l so  an improvement i n  p r e c i s i o n  of a f a c t o r  
ten .  This w i l l  have a dramatic  e f f e c t  on many fundamental problems of astronomy. 
Para l laxes  can be obtained with t h e  same prec is ion  f o r  o b j e c t s  t e n  times more d i s t a n t  than 
p o s s i b l e  from t h e  ground. V i s u a l  o r b i t s  of some spec t roscopic  b i n a r i e s  can be obta ined  
with a s u b s t a n t i a l  improvement i n  OUT knowledge of s t e l l a r  masses. A search  can be 
c a r r i e d  o u t  f o r  planetary systems of o t h e r  stars. F i n a l l y  a l i n k  can be forged between 
o p t i c a l ,  r a d i o ,  and dynamical re ference  frames, and t h e  i n e r t i a l  re fe rence  frame can be 
t i e d  down by measurement of s t a r  motions r e l a t i v e  t o  QSOs. 

I n  p l a n e t a r y  astronomy ST w i l l  p lay a major role i n  t h e  coming decade i n  p a r t  because 
of the  decreased commitment o f  NASA to major p lane tary  f lyby  missions,  b u t  also because of 
t h e  p o s s i b i l i t y  of performing synopt ic  s t u d i e s  of p l a n e t a r y  atmospheres, high r e s o l u t i o n  
and UV s t u d i e s  of comets, and astrometric s t u d i e s  of t h e  motions of t h e  moons o f  t h e  o u t e r  
p l a n e t s  . 
improvement i n  s e n s i t i v i t y  provided by ST, t h a t  I f i n d  personal ly  most i n t e r e s t i n g ,  is 
t h a t  i t  w i l l  permit observat ions of f a i n t  opt ical  c o u n t e r p a r t s  of o b j e c t s  of primary 
i n t e r e s t  t o  radio and high energy astronomy. 

One of t he  fundamental problems i n  X-ray astronomy, f o r  ins tance ,  s t i l l  remains t h e  
source of t h e  d i f fused  e x t r a g a l a c t i v e  X-ray background. Although a l a r g e  f r a c t i o n  o f  t h e  
ind iv idua l  sources  which produce it have been shown t o  be quasars ,  many of t h e  f a i n t e s t  
sources  i n  t h e  deep x-ray surveys20 c a r r i e d  o u t  with t h e  "Einstein"  s a t e l l i t e  remain 
unident i f ied  (Fig.  6 ) .  This s i t u a t i o n  w i l l  worsen with t h e  advent  of Advanced X-ray 
Astronomy F a c i l i t y  (AXAF) which w i l l  d e t e c t  sources  100 times f a i n t e r  than "Einstein"  i n  
t h e  0.25 to  7 kev domain.21 
example: 
magnitude % = 13. 
AXAF w i l l  r each  a l i m i t  of  2 x e r g  set" f o r  f a i n t  sources .  The corresponding 
apparent  luminosi ty  of 3C273, i f  placed a t  t h e  large 2 corresponding to  t h e  l i m i t s  of  
d e t e c t a b i l i t y  i n  X-rays fo r  t h e  two observa tor ies ,  would be mv=22 and mv=27 r e s p e c t i v e l y  
(Fig. 7 ) .  

This l ist  has  no claim t o  completeness. One of t h e  b e n e f i t s  which w i l l  r e su l t  from t h e  

This is no t  s u r p r i s i n g  i f  one cons iders  t h e  following 
3C273 emits an X-ray f l u x  of 6 x 10'" e r g  cm'2 sec-1 and has  a n  a p a r e n t  v i s u a l  

The E i n s t e i n  survey reached a l i m i t  of 2 x e r g  cm-! set" and 
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Figure 6 .  Deep surveys--Einstein.  

Of c o u r s e  it is e n t i r e l y  p o s s i b l e  t h a t  many of t h e  u n i d e n t i f i e d  o b j e c t s  i n  t h e  X-ray . surveys are n o t  QSO a t  a l l ,  b u t  perhaps p ro toga lax ie s  or o t h e r  e x o t i c  o b j e c t s  which could  
be d iscovered  and s t u d i e d  with ST. 

The p o i n t  of t h e s e  remarks is t h a t  ST is not  on ly  d e s i r a b l e  b u t  e s s e n t i a l  i f  w e  wish t o  
cont inue  c a r r y i n g  o u t  t h e  s t u d y  of cosmic objects ove r  t h e  e n t i r e  range of wavelengths 
a v a i l a b l e ,  from r a d i o  waves to X-rays, an approach which has proven SO powerful i n  t h e  
r e c e n t  past. I t  may w e l l  be, i n  f a c t ,  that  t h i s  approach w i l l  be t h e  one which w i l l  
provide t h e  most unexpected and s t a r t l i n g  r e t u r n s  from ST: t h e  d iscovery  of new classes 
of  a s t r o p h y s i c a l  o b j e c t s  with unsuspected p h y s i c a l  p r o p e r t i e s .  
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Figure 7. Detectability of 3C273. 

Finally, I would like to note that the impact of ST on astronomy will manifest itself 
in many aspects of the research enterprise besides the intrinsic value of the scientific 
data. It will be the first time that a national or international optical observatory will 
have capabilities clearly superior to privately developed telescopes, a fact which may 
influence the career development of many young astronomers. It is hoped that the data 
handling and archival capability which will have to be provided will be used as a tool in 
many other astronomical applications. The substantial development effort which will 
culminate in ST will provide the astronomical community not only with newly developed 
technology which already has found application in ground-based observatories, but even 
more significantly with a new generation of astronomers which has developed the skills and 
self-confidence to undertake the construction of very substantial new observational 
facilities. After a period of hiatus in which astronomers seemed to be most involved in 
the digestion of the results flowing from the capital investment of the previous 
generation, it may well be that the next two decades will be remembered as the heroic 
construction phase for observational astronomy. 

- 
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European Astronomy and t h e  Space Telescope: 
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Abs t rac t  

To a l low European astronomers t o  make f u l l  use of t h e  ex t raord inary  c a p a b i l i t i e s  of  
t h e  Space Telescope, ESA h a s  decided t o  e s t a b l i s h  the  European Coordinating F a c i l i t y .  
Its r o l e  is descr ibed i n  t h i s  paper. 

I In t roduct ion  

The Space Telescope w i l l  p lay the  dominant r o l e  i n  astronomy f o r  t h e  rest of t h i s  
cen tury .  For t h e  f i r s t  t i m e  i n  h i s t o r y  astronomers w i l l  have access t o  a l a r g e  te lescope  
whose performance w i l l  be d i f f r a c t i o n  l i m i t e d  i n  t h e  o p t i c a l  waveband. The Space 
Telescope w i l l  lead to  major advances i n  our  understanding of t h e  Universe. I n  add i t ion ,  
as it has been the  case i n  the p a s t  when l a r g e  new instruments  w e r e  brought i n t o  astronomy 
it is expected t h a t  t h e  Space Telescope w i l l  l ead  t o  the  discovery of new astronomical  
phenomena which w i l l  g ive a more complete p i c t u r e  of t h e  Universe w e  l i v e  i n .  

The percept ion of  the major importance of t he  Space Telescope and t h e  absolu te  neces- 
s i t y  t o  be c l o s e l y  assoc ia ted  wi th  it have been ev ident  t o  the  European astronomers s i n c e  
t h e  e a r l y  s tudy  phases of t h e  p r o j e c t .  This  l e d  eventua l ly  t o  t h e  agreements t h a t  brought 
t h e  European Space Agency i n t o  t h e  Space Telescope programme. 

This  p a r t i c i p a t i o n  c o n s i s t s  of t h ree  major elements: 

a )  t h e  provis ion  of t h e  s o l a r  a r r ays  which supply t h e  e lectr ical  power t o  the  

b)  t he  provis ion  of t he  F a i n t  Object Camera, descr ibed elsewhere i n  t h i s  volume 

c) the  provis ion  of 15 astronomers and data reduct ion s p e c i a l i s t s  t o  t h e  Space 

I n  r e t u r n  f o r  these con t r ibu t ions ,  European astronomers are guaranteed a minimum of 
15% observing t i m e  on t h e  ST, although it is  conf ident ly  expected t h a t  a l a r g e r  sha re  w i l l  
be obtained based on the s c i e n t i f i c  m e r i t  of t h e  proposals .  

What i s  t h e  pos i t ion  of t h e  European astronomers with regard t o  t h e  Space Telescope 
observatory? What a re  the special needs t h a t  i ts very ex i s t ence  impl ies  f o r  t h e  European 
astronomers? These are  t h e  ques t ions  t h a t  are addressed i n  t h i s  paper.  

spacec ra f t  

Telescope Science I n s t i t u t e .  

I1 European p a r t i c i p a t i o n  i n  t h e  Space Telescope Science I n s t i t u t e  

A s  p a r t  of i ts  o v e r a l l  p a r t i c i p a t i o n  i n  the  ST programme ESA makes s u b s t a n t i a l  
con t r ibu t ions  t o  t h e  Science I n s t i t u t e .  This  p a r t i c i p a t i o n  has  been agreed a t  two main 
l e v e l s .  I n  the  overseeing s t r u c t u r e  European astronomers are expected t o  serve i n  t h e  
AURA Board of Directors  and i n  the  Space Telescope I n s t i t u t e  Council. A t  least  two 
European astronomers will be  members of t h e  Telescope Al loca t ion  C o m m i t t e e  and one a 
m e m b e r  of t h e  Vi s i t i ng  C o m m i t t e e .  

Within the  Science I n s t i t u t e  i t s e l f  ESA provides  15 persons who w i l l  f i l l  a v a r i e t y  of 
s t a f f  pos i t i ons .  About two t h i r d s  of t hese  pos i t i ons  w i l l  be reserved  t o  astfonomers and 
t h e  ESA provided s t a f f  w i l l  be f u l l y  in t eg ra t ed  wi th in  the  Science I n s t i t u t e .  

du ra t ion  af ter  which the astronomers w i l l  r e t u r n  t o  t h e i r  home i n s t i t u t i o n s  thus  ensur ing  
t h a t  t h e  know-how gained i n  the  ST is eventua l ly  brought back t o  Europe. 

It is foreseen  t h a t  m o s t  appointments w i l l  be  made f o r  per iods  of  up t o  4 yea r s  

From t h e  p o i n t  of v i e w  of t h e  European users  of  t h e  Space Telescope, t h e r e  should be  no 
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s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  way they i n t e r f a c e  wi th  t h e  Science I n s t i t u t e .  
w i l l  be s o l i c i t e d  from t h e  Science I n s t i t u t e  and t h e  European proposa ls  w i l l  no t  be 
subjec ted  t o  any p re - se l ec t ion  procedure, although a copy of t h e  proposal must be s e n t  t o  
ESA f o r  accounting purposes. The se l ec t ion  procedure w i l l  be t h e  same as f o r  a l l  o t h e r  
proposa ls .  Funding however w i l l  n o t  be provided by NASA o r  ESA; r a t h e r  it i s  expected 
that  a l l  funding requi red  w i l l  b e  obtained through t h e  n a t i o n a l  i n s t i t u t i o n s .  

Access by European astronomers t o  the Science I n s t i t u t e  f a c i l i t i e s ,  w i l l  be gran ted  
on the  same b a s i s  as any o t h e r  astronomer. From a p r a c t i c a l  p o i n t  of view it is l i k e l y  
t h a t  t r a v e l  funds r e s t r i c t i o n s  w i l l  be the l i m i t i n g  f a c t o r  i n  dec id ing  t h e  e x t e n t  and 
frequency of t h e  v i s i t s  t o  t h e  Science I n s t i t u t e .  These r e s t r i c t i o n s  w i l l  be even more 
apparent  when reques t ing  funds t o  car ry  o u t  ex tens ive  d a t a  a n a l y s i s  o r  a r c h i v a l  research  
as opposed t o  the  primary observa t ions .  

I11 Space Telescope and ground-based astronomy i n  Europe 

I t  is obvious t h a t  ST w i l l  p lay  a major r o l e  i n  making t h e  f o r e f r o n t  observa t ions  of 
t h e  f u t u r e ,  c e r t a i n l y  those t h a t  cannot be made i n  any o t h e r  way from t h e  ground because 
of s p a t i a l  r e s o l u t i o n  o r  wavelength coverage o r  t h a t  r e q u i r e  i n o r d i n a t e  amounts of 
observing t i m e .  I t  i s  equal ly  obvious t h a t  ground based t e l e scopes  w i l l  be e s s e n t i a l  i n  
prepar ing  t h e  s c i e n t i f i c  ground f o r  the ST observa t ions  and i n  following up these  
observa t ions  with complementary ones, i n  a d d i t i o n  t o  ca r ry ing  o u t  t h e i r  normal observing 
programmes. 

I n a s s e s s i n g t h e  impact t h a t  t h e  Space Telescope is l i k e l y  t o  make upon t h e  European 
astronomical  community, it is  i n s t r u c t i v e  t o  examine t h e  o t h e r  observatory f a c i l i t i e s  
t h a t  w i l l  be a v a i l a b l e  t o  the European astronomers. 

European astronomers a r e  guaranteed a t  l e a s t  15% observing t i m e  on t h e  ST. I n  
comparison t h e  amount of observing time a v a i l a b l e  t o  European astroncmers from l a r g e  
ground-based te lescopes  is about one order of magnitude g r e a t e r .  Europeans have access  
t o  t h e  ESO te lescopes  a t  La S i l l a ,  t he  Anglo-Australian Telescope, t he  French-Canadian 
Telescope and t h e  UK I n f r a r e d  Telescope i n  Hawaii. The German te lescopes  a r e  now 
o p e r a t i o n a l  i n  Calar Alto Spain and the French Pic-du-Midi t e l e scope  is producing high 
r e s o l u t i o n  images. A number of Schmidt te lescopes  a t  S id ing  Spr ings ,  L a  S i l l a ,  i n  France 
and i n  I t a l y  are surveying t h e  sky and producing l a r g e  amounts of d a t a .  Plans a r e  w e l l  
under way f o r  t h e  L a  Palma observatory with i t s  4.2m t e l e scope ,  f o r  t he  i n s t a l l a t i o n  i n  
La S i l l a  of a twin t o  the German telescope of Calar A l to  and f o r  t he  cons t ruc t ion  of t h e  
ESO New Technology Telescope a l s o  i n  La S i l l a .  

Proposals 

I n s t e p w i t h  t h e s e  developments modern ins t ruments  have been and a r e  being developed, 
most of which u t i l i z e  up-to-date detectors such as panoramic p h o t ~ n - c o i ~ n t i n g  & - . r i c = c ,  
CCD and o t h e r  d i g i t a l  d e t e c t o r s .  ir is now a common requirement of a l l  t e lescopes ,  t o  
be able t o  handle two dimensional arrays of d i g i t a l  d a t a  of t h e  same type of t h a t  
produced by the  Space Telescope instruments. 

I t  is clear from a l l  t h i s  t h a t  most astronomy w i l l  s t i l l  be done w i t h  ground based 
t e l e scopes  during t h e  Space Telescope l i f e t ime ,  and it is ev iden t  t h a t  very few, i f  any, 
European astronomers w i l l  be f u l l  time Space Telescope astronomers. 

I t  is  equal ly  c l e a r  t h a t  t h e  type of d a t a  produced by t h e  ground-based t e l e scopes ,  
e.g. d i g i t a l  images and s p e c t r a ,  i s  of the same na ture  a s  t h a t  produced by t h e  Space 
Telescope. There i s  t h e r e f o r e  a need throughout Europe t o  so lve  an image and d a t a  
process ing  problem f o r  ground-based astronomy a s  a whole t o  which t h e  Space Telescope 
needs w i l l  be a l i m i t e d  add i t ion .  

This has been recognized a l ready  some yea r s  ago and perhaps brought t o  a sharp  focus 
because of t h e  Space Telescope requirements in theESA ST Working Group, a team composed 
of d i s t ingu i shed  European astronomers. The problem was then  recognized t o  be how t o  
provide t h e  most e f f e c t i v e  mechanisms f o r  pursuing image process ing  i n  genera l .  

Seve ra l  groups who have reviewed t h i s  problem have concluded t h a t ,  even wi th in  i n d i v i -  
dua l  c o u n t r i e s ,  l a r g e  c e n t r a l i s e d  systems a r e  notwhat  t he  astronomersneed.  The essence of 
image-processing i n  the  Space Telescope e r a  and beyond w i l l  be i n t e r a c t i v e  computing. 
I n  i n t e r a c t i v e  a n a l y s i s  of d a t a ,  thinking t i m e  between ope ra t ions  i s  t h e  most important  
p a r t  of t h e  s c i e n t i f i c  a n a l y s i s  and f o r  a major p r o j e c t  may extend over s e v e r a l  weeks, 
poss ib ly  months. Thus, every astronomer w i l l  want t o  have ready access  to such a system 
c l o s e  t o  h i s  own i n s t i t u t e  which automatically means a d i s t r i b u t e d  network of s m a l l  
computers. The r ap id  progress  i n  computer technology has brought  such systems wi th in  t h e  
f i n a n c i a l  reach of an inc reas ing  number of i n s t i t u t e s  i n  Europe. 

A s  a matter of f a c t  cons iderable  progress has a l ready  been made i n  Europe a t  t h e  

. 

. 

. 
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n a t i o n a l  l e v e l .  
t h e  coord ina t ion  of t he  CDCA i n  N i c e  and ope ra t e  i n  a number of l a b o r a t o r i e s  u t i l i z i n g  
d i f f e r e n t  computers. 
comprising seven centres has been e s t ab l i shed .  I n  I t a l y  a s i m i l a r  concept has been 
adopted f o r  Astronet,  which w i l l  l i n k  e i g h t  c e n t r e s  w i th in  t h i s  year .  The European 
Southern Observatory h a s  developed a major d a t a  a n a l y s i s  c e n t r e  which se rves  many u s e r s  
of t h e  ESO te lescopes .  S i m i l a r  f a c i l i t i e s  e x i s t  o r  are planned i n  many o the r  coun t r i e s .  

There remains however one danger, namely t h a t  software development w i l l  be  fragmented 
a t  t h e  ind iv idua l  centres .  This is a good th ing  from t h e  p o i n t  of view t h a t  every 
research  programme has its own s p e c i a l  requirements. On t h e  o t h e r  hand a l a r g e  amount of 
unnecessary dupl ica t ion  of e f f o r t  w i l l  r e s u l t .  I n  a d d i t i o n  a cons iderable  number of b a s i c  
sof tware  programmes a r e  requi red  by every c e n t r e  which do n o t  need t o  be developed over 
and over aga in  a t  a l a rge  c o s t .  

I n  t h i s  l i g h t  it is clear t h a t  a requirement exists f o r  t h e  r o l e  of one of t h e s e  
c e n t r e s  t o  be expanded t o  cover  t h e  t a s k s  of provis ion  of b a s i c  software and coord ina t ion  
of t h e  software development e f f o r t .  There would be d i s t i n c t  advantages i n  coord ina t ing  
sof tware  on a European scale. This would be a p o s i t i v e  con t r ibu t ion  towards f o s t e r i n g  
co l l abora t ion  n o t  only i n  Space Telescope astronomy bu t  a l s o  i n  astronomical data r educ t ion  
i n  genera l .  

w i th in  Europe, and with the  Science I n s t i t u t e ,  of as t ronomical  software development. 
This assumes t h e  ex is tence  of a w e l l  designed f l e x i b l e  sof tware  system capable of accep- 
t i n g  new software programmes as they are developed by t h e  u s e r s  i n  t h e i r  l o c a l  d a t a  analy- 
sis cen t r e s .  These programmes would then be f u l l y  t e s t e d  and documented a t  t h e  "coordina- 
t i n g  f a c i l i t y "  and made a v a i l a b l e  t o  the  use r  community. I n  t h i s  sense  it w i l l  ac t  as 
a " c l e a r i n g  house" for as t ronomical  software.  I n  a d d i t i o n  software development of i ts 
own should take place a t  t h i s  c e n t r e .  

Sophis t ica ted  data a n a l y s i s  packages have been developed i n  France under 

I n  t h e  United Kingdom a d i s t r i b u t e d  network of computers, S t a r l i n k ,  

The requirement is then  t o  e s t a b l i s h  a c e n t r a l  f a c i l i t y  which ensures  t h e  coord ina t ion  

I V  The European Coordinating F a c i l i t y  

The f i r s t  t a sk  of t h e  ECF as has emerged n a t u r a l l y  from t h e  a n a l y s i s  of t h e  previous 
s e c t i o n  is the re fo re  t h a t  of ca r ry ing  o u t  t h e  coord ina t ion  of t h e  development of s c i e n t i f i c  
a n a l y s i s  software throughout Europe. 

J u s t  a s  important,  European astronomers need t o  have easy access  t o  a l l  ST observa t ions  
a f t e r  t hese  are no longer p r o p r i e t a r y  d a t a  belonging t o  the  o r i g i n a l  gues t  observer.  A s  a 
r u l e  t h i s  i s  expected t o  occur one year  a f t e r  t h e  observing program has been completed. 
These data a rch ives  w i l l  grow a s  t i m e  progresses and w i l l  become a s c i e n t i f i c  resource  of 
major importance. The na ture  of t h e  research  carried o u t  on d a t a  a rch ives  is such t h a t  it 
would be extremely d i f f i c u l t  f o r  most European astronomers t o  ob ta in  the necessary t r a v e l  
funds t o  the  United S t a t e s .  Even i f  t hese  funds w e r e  forthcoming s e r i o u s  l o g i s t i c  l i m i t a -  
t i o n s  would be found a t  t he  ST Science I n s t i t u t e  whose p r i o r i t y  t a sk  w i l l  always be t o  
support  t he  on-going observa t ions .  To allow European astronomers t o  be i n  a p o s i t i o n  t o  
f u l l y  e x p l o i t  t he  enormous p o t e n t i a l  provided by t h e  d a t a  a rch ives ,  ESA has agreed wi th  
NASA t h a t  a f u l l  copy of t h e s e  a rch ives  w i l l  be depos i ted  i n  t h e  ECF. 

ca ta loguing ,  r e t r i e v i n g  and disseminating a l l  t h e  ST observa t ions  t o  t h e  astronomers 
from ESA member s t a t e s .  

The second major t a sk  of the ECF is  then t o  provide an e f f i c i e n t  means f o r  a rch iv ing ,  

Another cons idera t ion  i s  t h a t  it is  by no means c e r t a i n  t h a t  a l l  t h e  astronomical 
i n s t i t u t e s  i n  Europe w i l l  be a b l e  t o  a f fo rd  o r  have easy access t o  an image process ing  
c e n t r e  of t h e  r i g h t  kind. I n  t h i s  contex t  a c e n t r a l  f a c i l i t y  w i l l  ensure some 
support  t o  t hese  ST u s e r s .  This support  w i l l  of course have t o  be l i m i t e d  by t h e  
a v a i l a b i l i t y  of resources such as computer t i m e  and number of te rmina ls  bu t  it w i l l  
undoubtedly be of considerable i n t e r e s t  t o  t h e  European ST users .  

and its complement of s c i e n t i f i c  instruments.  This w i l l  ensure  t h a t  t h e  European 
s c i e n t i s t s  w i l l  have easy access  t o  t h e  information needed f o r  t h e  p repa ra t ion  of t h e i r  
observing proposa ls  and b e s t  e x p l o i t a t i o n  of t h e  da ta .  

A f t e r  ex tens ive  consul ta t ion  wi th  the European s c i e n t i s t s  ESA has decided t h a t  t o  
e s t a b l i s h  a Space Telescope European Coordinating F a c i l i t y  which w i l l  carry o u t  t h e  t a s k s  
o u t l i n e d  above, w i l l  g r e a t l y  enhanc? the s c i e n t i f i c  r e t u r n  expected from t h e  Space 
Telescope. To h e l p  i n  this t a sk  ESA w i l l  provide a team of about seven people  and a 
nominal sum towards t h e  s ta r t  up c o s t s .  
t o  func t ion  i n  i s o l a t i o n  and t h e  scheme w i l l  only be e f f e c t i v e  i f  t h e  F a c i l i t y  is l oca t ed  
i n  a "Host - Ins t i tu te"  which provides an e x c e l l e n t  s c i e n t i f i c  environment and a cons iderable  

F i n a l l y  it is important t h a t  t h i s  f a c i l i t y  should provide f o r  d e t a i l e d  know-how on ST 

Such a s m a l l  team cannot  poss ib ly  b e  expected 
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number of supporting services.  

A cal l  fo r  proposals f o r  the Yiost-Institute" w a s  issued two years ago and amongst the 
excellent proposals received, a peer review team chose the European Southern Observatory, 
Germany, a s  the location f o r  the ECF. 

I n  addition t o  its dynamic sc i en t i f i c  environment, ESO w i l l  provide the physical 
location, dedicated personnel, the  computer f a c i l i t i e s  etc. and w i l l  e s tab l i sh  the  ECF 
as  a new divis ion reporting d i rec t ly  t o  its Director General while ESA w i l l  i s sue  broad 
policy guidelines and maintain overal l  monitoring of the ECF performance. 
ensure t h a t  the required v i s i b i l i t y  and autonomy of functioning w i l l  be maintained by the  
ECF . 

This w i l l  

A t  present a Memorandum of Agreement and other lower leve l  documents are being negotia- 
ted between ESA and ESO. 
the  end of the current year with a view t o  begin work i n  earnest  i n  es tabl ishing the  ECF 
i n  1983. 

It is expected t h a t  these negotiations w i l l  be concluded before 

W e  are confident t ha t  the existence of the  European Coordinating Fac i l i t y  w i l l  provide 
the European astronaners with the means to  submit f i r s t  r a t e  observing proposals and t o  
fu l ly  exploit the wealth of data produced by the Space Telescope and w i l l  therefore 
great ly  contribute t o  the s c i e n t i f i c  success of the  mission. 

. 
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Ab s tract 

The Space Telescope will be the first long-lived, versatile astronomical observatory in 
space. The wide wavelength range and emphasis on high image quality of its design will 
make it a unique facility. The history of the observatory is briefly described, as is the 
overall system design. The principal design features that are important to the scientific 
user are described. The final section reports on the present status of preparation for 
launch in the spring of 1985. 

1. Introduction 

The Space Telescope obsFrvatory concept goes back to the epochal writings of Herman 
Oberth’ and Lyman Spitzer, 
When the National Aeronautics and Space Administration (NASA) was formed in 1959, astron- 
omy became a natural scientific discipline to be pursued from space. In the early 1960’s 
the first of a series of recommendations that a large, diffraction limited telescope be 
built was made.’ 
built, technology and design studies were conducted of a more ambitious instrument that 
has come to be called the Space Telescope. 

erture and called the Large Space Telescope, to determine the feasibility of such a pro- 
ject. 
study was extended as construction funds eluded the program leaders until late in 1977 
when approval was given by the Congress to actually build and operate the observatory. By 
this time a decision had been made to enter into a 15% partnership with the European Space 
Agency, who would provide a key Scientific Instrument, the solar array, and operation and 
staff support. 

program has adhered remarkably well to the original schedule, although money availability 
has caused some delays beyond the original development plan. The Space Telescope is now 
scheduled for launch in the spring of 1985, some 13 years after the first foyal studies, 
a long time but an interval commensurate with the expected scientific return. 

2. System description 

which described the basic advantages of a space observatory. 

Even as the Orbiting Astronomical Observatory spacecraft were being 

In the autumn of 1971 NASA began detailed study of the Space Telescope, then of 3-m ap- 

The answer was a strong yes and the preliminary design began in 1972. This design 

Considering the level of technological challenge involved with the Space Telescope, the 

The optical design is the Ritchey-Chretien variation of the Cassegram configuration, 
providing a coma-free wide field which is astigmatic in its outer portions.’ With a 2.4-m 
clear aperture and F24 focal ratio, the scale in the focal surface is 3.6 arcsec/mm. 
Scientific Instruments are located in five separate bays, which allows them to operate and 
be replaced independent of one another. The services that must be provided to the tele- 
scope are furnished by a Support Systems Module, which encircles the primary mirror. This 
system is the most complex part of the spacecraft and provides the power, control, and com- 
munication functions that are essential to operation. 

The attitude control function is very important and is done through a series of mecha- 

The 

nisms. Actual motions are caused by speed variations in spinning reaction wheels. The 
signal for these wheels comes from a variety of sources; a course Sun sensor; fixed head 
star trackers, gyroscopes, interferometric star trackers. The functional combination of 
these will be described in the section on the Pointing and Control System. 

Spacecraft power originates in the articulating solar arrays being provided by the Euro- * 
pean Space Agency. 
trical power through orbital day or night. 

Control of the spacecraft is done from the ground command signals generated at the con- 
trol center at Goddard Space Flight Center near Washington, D.C., and sent to the Space 
Telescope via the Tracking and Data Relay Satellite System, which geometrically allows di- 
rect access about 85% of each orbit. 
the same system, at amaximum rate of one megabit/second. Since the Tracking and Data Re- 
lay Satellite is shared by many other users, it will be available only a portion of each 

A power system, which includes storage batteries, then provides elec- 

The scientific and engineering data come to earth via 
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Figure 1. This cutaway drawing shows the major components of the Space 

orbit. This means that we will be able to do real-time control of the 
percent of the time, an important scheduling constraint. 

tory. 

3. Images 

IENT 

MSFC-7/804T 2& 

Telescope Obs erva- 

spacecraft about 20 

The Ritchey-Chretien telescope system presents an image of excellent quality at the fo- 
cal surface. 
characteristics. 
freedom from coma, {ut, at the expense of astigmatism at the edge of the useful field of 
Oiew. This trade-in characteristic is appropriate since the astigmatic images are still 
useful for pointing reference. 

The Space Telescope is being developed to meet certain minimum performance requirements, 
e.g., resolution of 0.1 arcseconds, full width of the image at half of maximum intensity of 
0.06 arcseconds, and 70% of the total image energy encircled within 0.1 arcseconds radius 
(all figures specified at 633 nm). At this point in the program we expect to meet and 
probably exceed these requirements. 
field of view. The reference wavelength (633 nm) is used because it is conveniently pro- 
vided in the optical laboratory. 
minum reflecting surfaces from about 115 nm to 1 mm wavelength. 

In conmon with other two mirror systems it represents a balance between image 
B going to the Ritchey-Chretien design we have essentially complete 

Figure 2 shows how the image should vary across the 

We expect high reflectivity from the MgF overcoated alu- 

We expect that the image quality will improve at shorter wavelengths as the wavelength/ 
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5tchey-Chretien optical design of the Space Telescope is coma free, but has 
This illustration gives the approximate effect of astigmatism at the 

aperture ratio improves; however, at some point the telescope begins to fail the near dif- 
fraction limit criteria and the image fails to improve with decreasing wavelength. 
current best estimate for this wavelength dependence is shown in Table 1. It is important 
to note that this prediction does not include pointing stability contributions, unlike 
Figure 2. 

Our 

Table 1 

Full Width at Half Maximum for a X/20 System 

Wavelength (nm) 0.12 0.20 0.35 0.63 

FWHM (arcseconds) 0.011 0.018 0.030 0.054 

The image surface is divided ingo eight segments, as shown in Figure 3. This division 
into fixed segments gives the central field and the inner parts of the axial Scientific In- 
struments' field an image of high quality.6 
struments' fields are distorted by astigmatism and are not used by any of the initial Sci- 
entific Instruments. 
are described in the neXt section. This division into fixed subsections was determined to 
be the most cost effective solution to the problem of providing access for several Scien- 
tific Instruments. This 
awkward division has not, at present, been a serious impact on the design of individual 
Scientific Instruments. There may be a limitation in the future Scientific Instruments if 
very wide field detectors become available. An added benefit of this approach is that the 
central Scientific Instrument (the Wide Field/Planetary Camera) and one of the axial Scien- 
tific Instruments cau be operated simultaneously for some observations. 

Space Telescope will be operating under continuously changing exposure to three bright 
sources: 
pact of these sources on Space Telescope science. 
sign is to reduce straylight to a surface brightness of 23 
as the erkest part of the zod&acal cloud surrounding the earth's orbit) at 50 
sun, 15 from the mom, and 70 from the bright limb of the earth. When these constraints 

The outer parts of the axial Scientific In- 

The outer three portions are fed to the Fine Guidance Sensors that 

.) 

A highly reliable moving structure would have been too expensive. 

. 

Another important characteristic of the telescope design is straylight control. The 

the sun, the moon, and the i l l e a t e d  earth. The design was to minimize the im- 
The resglt of ou~~straylight control de- 

arceec (which id the same 
from the 
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Figure 3. The focal surface is divided into eight dedicated segments, each supporting a 
specific scientific instrument or fine guidance sensor. 

are violated the straylight increases in a complex fashion which allows observations of 
sources not at the faint light limit. The impact on operations of the constraints are dis- 
cussed iater. 

4 .  The Pointing and Control System 

The greatest technical challenge in building the Space Telescope (next to the precision 
optics) has been the Pointing and Control System. The Pointing and Control System is used 
for every astronomical observation and it is important that potential users understand the 
functions of this system. 
Fixed Head Star Trackers, which are independent of the main telescope optics and can locate 
bright stars to a precision of about one arcminute; Rate Gyroscopes which drift with an un- 
certainty of about 0.01 arcseconds/second; the Fine Guidance Sensors, which derive their 
signals from stars imaged near the edge of the Space Telescope's field of view. 

The process of a typical acquisition of an object begins with a slew of the telescope 
(15 degrees/minute maximum rate) to a predetermined spot. Since the uncertainties of posi- 

tion increase with displacement,,slews will be as short as possible. 
be several arcminutes after a 90 slew. The Fixed Head Star Trackers are used to determine 
the rough position as necessary. 
into each of two Fine Guidance Sensors (FGS). One FGS begins searching for the first guide 
star, 
the correct brightness range it stops and the other FGS searches for its guide star. 
the second star is found, the relative positions provide the final confirmation of posi- 
tion. If the confirmation is not made, the search resumes. The search can be made over 
thre6 arcminutes. 
14.5 , a brightness level that statistically will produce two guide stars for 85% of the 
fields at the Galactic Poles. 
utes. 

During routine operation three position indicators are used: 

c tion due to gyro drift and the inaccuracies (especially r o l l  angle) of the initial direc- 
The uncertainty can 

Then the coordinates of a candidate guide star are fed 

using a spiral search pattern with a 2 arcsecond aperture. Upon finding a star in 
When 

The sensitivity of the system is that it will operate adequately at 

The acquisition cycle will typically take about three min- 

Once the guide stars are acquired, the images are fed to a Koesters prism interferometer 
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which provides a tracking signal. 
with their positions being updated every second by the FGS signal. 
should be 0.007 arcsecond rms. 
near ultraviolet images, but could become a limiting feature if very good far ultraviolet 
images are realized. 

The sequence described above refers to the frame of reference of the FGS's which should 
be known to about 0.01 arcseconds accuracy. Unfortunately, few celestial objects' loca- 
tions are known with this accuracy, so that the previously known positions become the lim- 
iting feature for an initial observation with the Space Telescope. The easily available 
ground determinations (about one arcsecond) suffice for the wide field instruments ('the 
Wide Field/Planetary Camera and the Faint Object Camera) but are too crude for the other 
instruments. Each instrument has a method of automatically centering the science object or 
sending down a real time signal which will allow the observer located at the Space Tele- 
scope Science Institute to make the final decision on the exact pointing. In addition, the 
Wide Field/Planetary Camera and Faint Object Camera can often be used to make a quick image 
from which the position of the science target with respect to the guide stars can be deter- 
mined, either in near real time or later on in the observing schedule. 

It is obvious that a tremendous amount of astrometric data is needed for operation of 
the Space Telescope. The Space Telescope Science Institute is developing a system to pro- 
vide positions of candidate guide stars and the most commonly observed science objects. The 
need for positions of objects not appearing on the available survey material will be met 
on a case by case basis. 

We are not able to predict exactly how the Pointing and Control System will perform in 
orbit, so some procedures may change. We do expect that internal motions within Scientific 
Instruments may cause the FGS's to lose lock. The worst offenders will be identified and 
a gyro reference only mode will be used until the vibrations subside. If a random loss of 
lock occurs, a stop taking data indication will be given until the automatic reacquisition 
process has been completed. 
ative positions have been determined accurately, this cycle should be short. 

The basic stability reference is the set of rate gyros, 
The resulting stability 

This pointing stability is quite adequate for visual and 

Since the spacecraft will not have moved very far and the rel- 

5 .  op erat ions 

The Space Telescope is a complex machine, as such, it has many operational constraints 
imposed by the spacecraft design. We have tried to minimize these constraints, within the 
available development budget; unfortunately, many still remain. The primary constraints 
are imposed by the rapidly changing viewing conditions that come from-the low earth orbit 
(500 km).  
mination every 100 minutes and the straylight constraints discussed above will apply. 
any one orbit we will have a condition very much like that shown in Figure 4 ,  where some 
regions of the sky are continuously observable and others are entirely excluded. 
course, there will be some operation procedures, such as looking over the dark limb of the 
earth in order to observe comets or interior planets, which will be pursued only after ex- 
perience is gained. 

a 
The basic science schedule is generated by the Space Telescope Science Institute and 

provided to the operations center at the Goddard Space Flight Center near Washington, D.C. 
This center then generates a set of spacecraft commands that are procedurally safe and 
still carry out the desired science. 
via the Tracking and Data Relay Satellite System. 
on board. The resulting data can be sent down immediately on stored on tape recorders and 
broadcast down later. Upon receipt at the Goddard Space Flight Center the data is repack- 
aged and sent on to the Space Telescope Science Institute for reduction. Most of the ob- 
servations will be automatic, but the system is designed to permit real time interaction 
with the observer. This operational flexibility is intended to allow the best scientific 
use of the Space Telescope. 

The Space Telescope is the first "permanent" space observatory, i.e., it is intended to 
have a very long functional life due to the ability to service and modify it. 
done through a program called maintenance and refurbishment. 
visit the Space Telescope on orbit with the Space Shuttle about every 2% years for orbital 
servicing and that at intervals of about five years the observatory will be returned to 
earth for changes and repairs that cannot be made on orbit. 
the Space Telescope should continue indefinitely, as long as the returns justify the cost. 
The design life is 15 years on orbit. 

The Space Telescope will be passing through a f u l l  cycle of sun/earth/moon illu- 
Upon 

Of 

These commands are then sent to che Space Telescope 
Up to 24 hours of commands can be stored 

This will be 
It is expected that we may 

This flexibility means that 
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Figure 4. Like a ground observatory, the Space Telescope has preferred viewing zones on the 
sky. This figure shows regions excluded because of straylight considerations, The other 
contours describe regions of optimum viewing. 

instruments may reflect changing scientific priorities or improved technologies, or both. 
The present plan is to begin study of second generation Scientific Instruments in late 
1983, with the start of construction to begin about a year after launch. 
three to four instruments will be studied and one or two will be constructed. The latter 
would then be ready for installation about five years after launch. 
then be repeated periodically throughout the lifetime of the observatory. 

New Scientific Instruments will be needed 2s rhe Space Telescope program matures. These 

We expect that 

A similar cycle would 

6. Status 

The S ace Telescope is well into construction, with launch anticipated in the spring of 
1985. *!though many components are built simultaneously, the basic plan is that it is 
built from the inside to the outside. 
ures 5, 6, and 7 show the finished primary mirror and the structures that hold the optical 
mirrors and the Scientific Instruments. Many other major components, including the ESA 
provided solar array are almost complete. The Scientific Instruments will be delivered by 
the summer of 1983, and 1984 will see the integration of all parts and testing of the sys- 
tem. The operations preparations parallel this, climaxing in operation readiness just be- 
fore launch. 

The telescope portion will be completed first. Fig- 
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9 Figure 6. The focal plane structure at- 
taches to the aft side of the main ring 
and holds the scientific instruments, 
fine guidance sensors, and several other 
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is graphite-epoxy. 
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Figure 7. The principal structure for the telescope is shown, 
main structural component of the observatory. 
primary and secondary mirrors in alignment. 

The titanium ring is the 
The graphite-epoxy truss structure holds the 
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Abstract 

A wide suite of potential astronomical and solar system scientific studies using the 
Wide Field/Planetary Camera on Space Telescope are described. 
the camera as it approaches final assembly and testing is also detailed. 

The expected performance of . 
Introduction 

As we near the final assembly and testing of the Wide Field/Planetary Camera (WF/PC) 
for Space Telescope (ST) we can more confidently predict its performance in.orbit. This 
seems a good time to widely publish this data and some of the scientific programs that are 
especially attractive to our Investigation Definition Team (IDT). 

The Camera 

The WF/PC will be placed in a "radial" bay of ST where an attached mirror will deflect 
the central 3x3 arc min field into the WF/PC housing. The incoming f/24 ST beam will pass 
through a shutter and a filter wheel arrangement allowing certain combinations of filters, 
polarizers and transmission gratings to be inserted in the optical path. The f/24 beam 
then comes to focus on the surface of a shallow four faceted mirrored pyramid which splits 
the field of view into four quadrants. The four now-diverging f/24 beams are folded into 
the entrances of four small Cassegrain reimaging telescopes which convert the f/24 beam to 
f/12.9 for the Wide Field Camera (WFC) mode. These form new images, through MgF2 field 
lenses onto the four WFC solid state CCD silicon detectors. 

Alternately, by ground or stored command, the pyramid can be rotated 45O about the 
optical axis and the four diverging beams routed into four different Cassegrain repeaters 
which form f/30 images on the four Planetary Camera (PC) CCDs. Thus the Wide Field/ 
Planetary Camera has two different spatial resolutions which can be selected to optimize 
the trade-off between spatial resolution and field coverage appropriate for each target. 

The CCDs must be cooled by thermoelectric coolers to below -95OC to reduce the "dark 
current" to acceptable levels. Appropriate electronics process and finally digitize each 
800x800 pixel CCD output to allow the data to be transmitted to the ground and delivered 
within 24 hours to the Space Telescope Science Institute for use by the observer. The 
technical details useful fo r  a WF/PC user to begin to plan this program are given to the 
best of our present knowledge and prediction near the end of this paper. 

Our Investigation Definition Team (IDT) was selected by NASA in a competition in 1977 
to conduct a scientific investigation using the WF/PC instrument we proposed in response 
to an Announcement of Opportunity. The IDT bears the responsibility for the conceptual 
design, procurement, testing, and calibration of the WF/PC. We selected the Jet Propul- 
sion Laboratory in Pasadena, California to design and build the WF/PC. 

illustrate some of our IDT's special interests. These studies are obviously only a tiny 
fraction of the possible uses of ST with the WF/PC but are illustrative of most of its 
capabilities. 

In the following sections we have included excerpts of our original science proposal to 

Cosmology 

Nothing else in astronomy SO captures the general imagination ox has deeper implica- 
tions for human philosophy than the large-scale nature and history of the universe, and it 
is here that the Space Telescope offers its greatest promise. The W/PC will be a prime 

*W. A. Baum, A. D. Code, D. G. C u r r i e ,  G. E. Danielson, J. E. Gunn (Deputy P. I.), 
T. F. Kelsall, J. A. Kristian, C. R. Lynds, P. K. Seidelmann, and B. A. Smith 
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ST instr\naent f o r  cosmological exploration on three major f ronts :  
the distance scale, the  measurement of evolutionary changes, and the t e s t ing  of models of 
the Universe as a whole. 

The cosmic distance scale 

ica l ly .  the 200-inch H a l e  
telescope. 
effort has continued through the  most recent work by Sandage and Tarmnann. 
l i g h t  gathering power of the  200-inch over earlier telescopes offered a major increase i n  
observational capabi l i ty .  

w i l l  
o f fe r  a similar quantum leap i n  capability. With exposures of a few thousand s e c o n z ,  the  
l imi t ing  magnitude of our Wide Field Camera on ST w i l l  be 100 times f a i n t e r  than the 200- 
inch photographic l i m i t ,  and we w i l l  be able to see similar objects 10  times fa r the r  away 
w i t h  the same resolut ion and photometric accuracy. For the problem of the dis tance scale, 
this fac to r  of 10 is cruc ia l ,  s ince it w i l l  allow us to  observe Cepheid var iables  i n  
galaxies of the  V i r g o  cluster. This means that w e  w i l l  be able, fo r  the first t i m e ,  t o  
t ie local measurements of these primary distance indicators  t o  the  d i s t an t  realms of the 
great clusters, without the  need fo r  poorly known secondary distance indicators.  Having 
d i r ec t ly  established the distance t o  Virgo, we w i l l  then have a large sample of galaxies 
which can be used to  decrease the uncertainties of the secondary distance indicators  
(br ightes t  stars, H I 1  regions, integrated galaxy magnitudes, etc.). W i t h  improved 
accuracy of the  secondary indicators and the a b i l i t y  t o  detect them 10 times fa r the r  away, 
w e  are then i n  an excel lent  posit ion t o  invest igate  the d e t a i l s  of the Bubble flow a t  dis- 
tances where it is unaffected by the perturbing effects of the  local supercluster,  and to  
examine the gravi ta t ional  e f f ec t  of the  local supercluster i t s e l f .  This l a t t e r  l i n e  of 
invest igat ion leads d i r ec t ly  to an estimate of the loca l  mass density,  which is a cen t r a l  
and very poorly known datum fo r  cosmology. 

A t  Virgo's distance a 20-day Cepheid with <%> = -5.5 is expected t o  be an object  of 

the calibration of 

I n  the las t  twenty-five years, our knowledge of the distance scale has improved dramat- 
This imprwement has been largely due t o  a s ingle  instnnnent: 

Beginning w i t h  Baade and Swope's invest igat ion of the Cepheids i n  M31, this 
The increased 

With its high resolut ion and freedom f r o m  atmospheric e f f ec t s ,  the Space Telesco 

about V = 26 magnitude. In  a 3000-second exposure w i t h  the W i d e  Field C a m e r a ,  such a 
Cepheid w i l l  be observed w i t h  a signal-to-noise ratio of about 10.  

I t  is perhaps ins t ruc t ive  t o  compare the WFC capabi l i ty  w i t h  the work t h a t  has been 
done on Cepheids fram the  ground. Baade and Swope f a i r l y  eas i ly  detected Cepheids i n  M31 
(distance modulus 24.2) w i t h  periods less than 3 days (absolute v isua l  magnitude = - 3 ) ,  
and measured 350 Cepheids i n  selected areas covering a small f rac t ion  of the area of the 
galaxy. More recently,  Sandage and Tanunann have pushed the present capabi l i ty  t o  very 
nearly its l i m i t  i n  their study of NGC 2403 (distance modulus 2 7 . 6 ) .  In a very intensive 
search aver the e n t i r e  galaxy, they detected and measured seventeen Cepheids with periods 
from 20 to  90 days (% = -5 to  - 7 ) .  

Camera  on ST, taking i n t o  account Me increase of 5 i n  l imit ing magnitude, l i e s  between 
these two cases. It should be similar to measuring Cepheids M31 from the ground a t  3 
times its real distance,  or NGC 2403 a t  60% of its real distance. A s ingle  WFC exposure 
w i l l  cover about 1/4 of the  area of a giant galaxy i n  Virgo and we would expect t o  be able  
t o  measure roughly 100 Cepheids, with periods grea te r  than 1 0  days, with about 30 
optimally spaced exposures. 

by the  local supercluster,  the diameters of H I 1  regions w i l l  provide one of the methods 
f o r  es tabl ishing distances of galaxies as f a r  as the  Coma C l u s t e r ,  whose redshi f t  is  
0.022. On the bas i s  of present distance estimates f o r  Coma, the la rges t  H I 1  regions would 
be expected to subtend about 0.4 arcsecond or 9 p ixe ls  a t  f/30. Only a few images, one o r  
tsm per selected galaxy, should be needed t o  e s t ab l i sh  the distance scale out  to redshi f t s  
of order 0.025, 

\ The ease of measuring Cepheids i n  Virgo (distance modulus 31.5) w i t h  the W i d e  F i e l d  

Beyond the Virgo C l u s t e r ,  and therefore beyond the domain of redshi f t  anomalies caused 

Globular clusters a r e  another valuable indicator  f o r  es tabl ishing r e l a t i v e  distances. 
A t  the distance of Coma, they should still be ident i f iab le  objects,  and the br ightes t  a r e  
expected to be about V = 26 magnitude. 

% p wide anci l la ry  distance information. A l l  these indicators  except the  Cepheids require  
only one image per galaxy or, a t  wst, images i n  a few colors. Enlargement of the statis- 
tical base for such dis tance indicators is perhaps as important as simply reaching fa r ther .  
The improved statistics obtained from the d i s t a n t  sample w i l l  allow returning to  the loca l  
supercluster  and accurately mapping the veloci ty  anomalies, i f  any. These anomalies 
provide probably the best test f o r  the  mean mass density of the universe. 

The br ightes t  stars i n  galaxies,  a s  br ight  as 
= -8, can be distinguished to distances of a t  least 50 Mpc w i t h  the WFC, and w i l l  
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From t h e s e  ST s t u d i e s ,  it seems l i k e l y  t h a t  t h e  Hubble cons t an t  can be  determined 
wi th in  t h e  accuracy of our knowledge of t h e  d i s t a n c e  t o  M31. This can then, i n  due course ,  
be r e f i n e d  through other i n v e s t i g a t i o n s  c a r r i e d  o u t  wi th  t h e  same camera, by, f o r  example, 
accu ra t e  photometry of RR Lyrae stars i n  M31's g lobular  c l u s t e r s  (V = 2 5 ) .  

Evolut ion 

For g a l a x i e s  of very l a r g e  r e d s h i f t s  t h e  enormous look-back t i m e s  provide both the 
oppor tuni ty  and t h e  need f o r  i n v e s t i g a t i n g  evolu t ionary  changes. Di f fe rences  i n  t h e  
s p e c t r a l  energy d i s t r i b u t i o n s  of ga l ax ie s  a t  d i f f e r e n t  r e d s h i f t s  y i e l d  d a t a  wi th  which 
evolu t ionary  models can be compared. 

p o s i t i o n s  i n  t h e  WF/PC des ign ,  provide an ideal spectrophotometr ic  instrument  f o r  
q u a n t i t a t i v e  inves t iga t ion  of populat ion d i f f e rences  o u t  t o  t h e  l a r g e s t  observable red- 
s h i f t ,  i.e., as f a r  back i n  t i m e  as poss ib le .  The e n t i r e  s p e c t r a l  response of i n t e r e s t  
from 3400R t o  l l O O O f t  can be covered by t h i r t e e n  s p e c t r a l l y  ad jacen t  f i l t e r s  having 
bandwidths about 1 0  percent of t h e i r  c e n t r a l  wavelengths. W e  i n t end  to  i n i t i a l l y  
i n v e s t i g a t e  t e n  c l u s t e r s  of ga l ax ie s  d i s t r i b u t e d  over t h e  f u l l  span of a c c e s s i b l e  look- 
back t i m e s .  

The broad wavelength response of CCDs ,  toge ther  wi th  t h e  l a r g e  number of f i l t e r  

Evolut ionary inferences can a l s o  be drawn se rend ip i tous ly  from images of non-selected 
f i e l d s  recorded by the camera while t h e  te lescope  is being used by t h e  o t h e r  instruments.  
Counts of ga l ax ie s  t o  var ious  l i m i t i n g  magnitudes w i l l  provide u s e f u l  d a t a  f o r  the 
evolu t ionary  cor rec t ion  t o  magnitudes of ga l ax ie s  i n  t h e  f i e l d ,  and so y i e l d  important  
information about the h i s t o r y  of s tar  formation i n  b r i g h t  s p i r a l s .  

Recently obtained data from s e v e r a l  sources suggests t h a t  near t h e  magnitude l i m i t  of 
ground-based telescopes,  a population of very b lue  extended o b j e c t s  is appearing. The 
e x c i t i n g  p o s s i b i l i t y  e x i s t s  t h a t  t hese  are very young g a l a x i e s  being seen  a t  l a r g e  
r e d s h i f t s .  While t h i s  i s s u e  may be reso lved  before  ST f l i e s ,  t h e  galaxy count exposures 
w i l l  s u r e l y  record many of t hese  o b j e c t s  t o  f a i n t e r  l e v e l s  than  are p o s s i b l e  from t h e  
ground, and information on t h e i r  s p a t i a l  s t r u c t u r e  and d i s t r i b u t i o n  can be obtained. 

Measurements of the diameters of b r i g h t  c l u s t e r  e l l i p t i c a l s ,  which can be  done t o  very 
l a r g e  r e d s h i f t s  wi th  the  WF/PC, provide information on t h e  evolu t ionary  c o r r e c t i o n  t o  
t h e  magnitudes of these o b j e c t s  which are needed f o r  t h e  t es t  of t he  dynamical evo lu t ion  
of these  systems. These d a t a ,  t oge the r  with the  populat ion evolu t ion  d iscussed  above and 
a g r e a t  d e a l  of t h e o r e t i c a l  work, w i l l  y i e l d  t h e  cosmological world models. 

Tes t s  of world models 

I n  a q u a l i t a t i v e  sense, t he  expanding Universe lends  i t s e l f  t o  a number of p o s s i b l e  
i n t e r p r e t a t i o n s ,  and it i s  t h e  u l t ima te  goal of obse rva t iona l  cosmology t o  i d e n t i f y  
t h e  c o r r e c t  world model from among t h e  t h e o r e t i c a l  p o s s i b i l i t i e s .  The key d i sc r iminan t  
de r ivab le  from observations of very b r i g h t  ga l ax ie s  i s  t h e  d e c e l e r a t i o n  parameter qo which 
q u a n t i f i e s  t h e  slowing down of t h e  expansion. 
Universe from another (say, Big Bang versus  Steady State, o r  Open versus  Closed) ,  bu t  
i t  a l s o  assays  t h e  t o t a l  amount of matter i n  the  Universe and t r a n s l a t e s  t h e  Hubble 
cons t an t  i n t o  a value f o r  t h e  age of t h e  Universe. Comparison of t h e  matter d e n s i t y  so 
obta ined  wi th  t h a t  from r e l a t i v e l y  l o c a l  measurements provides one of the most c r u c i a l  
tests of conventional General R e l a t i v i t y  on a s i z e  scale l a r g e r  than  phys ica l  l a w s  have 
ever he re to fo re  been t e s t ed .  

I t  no t  only d i s t i n g u i s h e s  one type of 

The observables f o r  d i s t i n g u i s h i n g  world models and f o r  de r iv ing  qo a r e  t h e  r e d s h i f t s ,  
magnitudes, and diameters of ga l ax ie s  belonging t o  c l u s t e r s .  Members of c l u s t e r s  can 
be ranked so t h a t  i n t r i n s i c a l l y  s i m i l a r  ga l ax ie s  a t  var ious  d i s t a n c e s  can be selected f o r  
measurement. For specifying t h e  type,  age, and mass of the Universe wi th  confidence,  
t h e  accuracy i n  t h e  determination of qo needs t o  be pushed below t O . l .  
Bang Universe wi th  0 C 90 < +0.5 and A = 0 ,  an accuracy of i O . 1  i n  qo r e q u i r e s  i n t e g r a t e d  
magnitudes (wi th  a l l  co r rec t ions )  t o  hO.1 o r  metric d iameters  t o  *5% a t  a r e d s h i f t  z = 1. 
For a g i a n t  EO a t  z = 1 about ha l f  t h e  l i g h t  w i l l  f a l l  w i th in  a r a d i u s  of 1 arcsec, and 
with t h e  WF/PC t h e  surface b r igh tness  of t h e  galaxy a t  1 a rcsec  r a d i u s  w i l l  be measurable 
t o  3-percent accuracy. The r e s u l t i n g  p r o f i l e  of t h e  galaxy can then  be  w e l l  enough 
determined t o  y i e l d  its in t eg ra tgd  magnitude and metric diameter. Since t h e  d i spe r s ion  
i n  abso lu te  magnitude is about 0.4 f o r  such systems, twenty such c l u s t e r s  w i l l  provide 
a l a r g e  enough data base f o r  determinat ion of qo to 0.1, provided one understands the 
evolu t ion .  

I n  an open Big 
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Data of this qual i ty  w i l l  provide not only a good measurement of qO, b u t  a l so  a 
fundamental test of the Doppler interpretat ion of the redshi f t ,  i . e . ,  a test of the 
expanding Universe concept itself. I f  the  expansion is real, the bolometric surface 
brightnesses of galaxies, corrected fo r  evolution, should be dinuued by a fac tor  of (1+zI4.  
For comparison, the  “ t i r e d  l ight‘  model implies a dimming fac tor  of only ( l + z ) .  Although 
present data appear to  support the Doppler models, the WP/PC m a k e s  possible a much more 
def in i t ive  test . 
w i l l  a l so  y ie ld  redshi f t s  by location of the 4000R “break’ i n  the spectrum, and this 
method can probably be used a s  f a r  out  as clusters of galaxies can be found. T h e  
obtainable accuracy, Az - 5%, is compatible w i t h  t h a t  of the magnitudes and diameters 
w i t h  which redshi f t s  w i l l  be plotted. Although eight  t o  ten images a t  stepped 
wavelengths w i l l  be required for  each selected c l u s t e r ,  our camera y ie lds  redshi f t s  for 
a l l  galaxies i n  the f i e l d  of view simultaneously, thereby dis t inguishing c lus t e r  m e m b e r s  
from non-members. 

T h e  same multi-color spectrophotometry obtained fo r  invest igat ing evolutionary changes 

Galaxies 

The extradrdinaxy spatial resolution, f a i n t  magnitude threshold, and broad wavelength 
coverage of the  camera open dramatic opportunities f o r  extending our knowledge of 
galaxies,  the fundamental aggregates of matter i n  the large-scale Universe. Clues t o  
the or ig in  and evolution of galaxies l i e  i n  their s t r u c t u r e  and content. The Space 
Telescope w i l l  reach members of the Local Group almost a s  e f fec t ive ly  as large ground- 
based telescopes now reach the Magellanic Clouds, while  ST studies  of the  Clouds can 
approach i n  detail  those now made i n  parts of our own Galaxy. Studies of r e l a t ive ly  
d i s t an t  galaxies,  e.g., peculiar o r  act ive ones, w i l l  a l so  be important. 

QSOs and ac t ive  galaxies 

important po ten t ia l  probes of ear ly  epochs and remote par t s  of the  observable Universe. 
The i n i t i a l  observations of these objects w i l l  be aimed a t  better understanding the 
physical processes i n  t h e m  and the manner i n  which they have evolved. 

Using the vis ible- l ight  grating, the CCD camera i s  idea l ly  su i t ed  fo r  ident i fying 
very f a i n t  QSOs and measuring redshifts. For br ighter  and nearer QSOs, the camera’s 
high s p a t i a l  resolut ion and high signal-to-noise r a t i o  w i l l  permit associated nebulosi t ies  
t o  be examined and their relat ionship t o  galaxies to be investigated.  Polarization 
observations of QSOs, Seyfert  galaxies, and galaxies with ac t ive  nuclei  can be made a t  
high s p a t i a l  resolution t o  put t i gh te r  constraints on physical m o d e l s .  
includes polariztng filters a l l w i n g  thxee axis pnLarization measurements with any of 
the avai lable  filters between 25002) and 70002). 

T h e  extreme distances a t  which QSOs and ac t ive  galaxies can be detected make t h e m  

T h e  WF/PC 

Stellar populations 

Color-rnagnitude diagrams, color-color diagrams, and luminosity functions need t o  be 
derived i n  nearby galaxies of d i f fe r ing  morphological type and i n  various regions within 
those galaxies.  Within M31 and its companions, for  example, 2000-second broad-band 
exposures w i l l  provide adequate magnitudes and color indices down to  - +3, which is 
near the main-sequence turnoff for  even the oldest  stellar populations. Using the 
techniques already famil iar  from s tudies  of star c lus te rs  i n  our own Galaxy, color-color 
diagrams w i l l  permit corrections fo r  i n t e r s t e l l a r  reddening and w i l l  y ie ld  r e l a t ive  
metallicity indices of the stars. Populations i n  M31 can be studied i n  the outsk i r t s ,  
across s p i r a l  arms, i n  inter-arm regions of the disk,  and ( w i t h  a less f a i n t  threshold) 
i n  the nuclear bulge. 
should be especial ly  w e l l  measured from this work. Indeed, w e  should be able to  learn  
more about s t e l l a r  populations from s t u d i e s  of M31 than from studies  of our own Galaxy. 

of several  members of the  Local Group. These should par t icu lar ly  include a t  least t w o  
dwarf galaxies l i k e  the Draco and Leo I1 systems. 
a s  far out  as the Virgo C l u s t e r  m u l d  t e s t  for  homogeneity of t h a t  important population 

The r a t e  of movement of material  through s p i r a l  arm regions 

For camparing populations i n  galaxies of various types, f ie lds  would be needed i n  each 

Incipient  resolution of dwarf galaxies 

t Y P  

r a t e  a t  which a population is returning mass to  the i n t e r s t e l l a r  medium of a galaxy. 
That, i n  turn,  a f f ec t s  the potent ia l  for new star formation. W/PC images through 10 1111 
A 5007 and Ha filters, when compared w i t h  images i n  the adjacent continuum, w i l l  enable 
planetary nebulae t o  be detected and different ia ted from ordinary H I1 regions throughout 
the Local Group making use of resolution, luminosity and exci ta t ion criteria. 
the same f i e l d s  observed f o r  color-magnitude s tudies  wduld be good candidates f o r  Ha and 

counts and luminosity c lass i f ica t ions  of planetary nebulae provide a measure o f  the 

Most of 
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10 1111 imaging and might in some instances be selected to include other nebulosities 
for which high resolution is of particular interest. 

The narrow [ O  1111 filter will permit the detection of bright planetaries to very 
large distances; the brightest planetaries, of which there should be several hundred 
in an elliptical galaxy at M 
Cluster. These objects provae a tool for the study of the stellar population of normal 
ellipticals, and also provide unique dynamical tests for mapping the random motions of 
stars in ellipticals to large radii. 

- -19, can be detected at the distance of the Virgo 

The stellar population near the poles of o w  own Galaxy can be analyzed statistically 
in wP/PC images obtained for studying other high galactic latitude objects such as 
QSOs. However, additional images on a suitable color system would permit luminosities 
and distances to be sorted out with less risk of ambiguity. Such an investigation is 
of fundamental importance for probing the intergalactic sea beyond (or perhaps inter- 
mingled with) the bound population of the galactic halo. Stars of solar luminosity, 
if they exist at such distances, can easily be identified to more than 100 kpc. 

Star  counts to the very faint magnitudes observable with the WF/PC, togetker with 
rough luminosity classifications obtainable from broad-band photometry, will provide 
data on the spatial distribution of the galactic halo at distances of this order. 

Nuclei of galaxies 

Historically, one of the most discussed needs for a large Space Telescope has been 
to obtain luminosity profiles at high resolution in the nuclei of nearby galaxies. 
Ground-based and balloon observations have not yet been able to tell us whether the 
nuclei of galaxies contain single large masses of unknown character or whether ordinary 
objects are merely distributed very densely. 
deep in the red and with modest deconvolution of the image, we expect to probe the 
sharpness of the central peak to less than 0.05 arcsec, a much better limit than now 
available. At M31, 0.05 arcsec amounts to 0.15 pc. 

galactic nuclei. This phenomenon is difficult to understand on the basis of 
conventional models. High-resolution data on nearby Seyferts, combined with spectra, 
will allow separation of the emission region, which will be well resolved for the 
closer objects (e.g., NGC 1068 and NGC 4151). We intend, as a very high priority 
endeavor early in the mission, to obtain images of the nuclei of at least ten galaxies, 
including M31, M32, M33, NGC 1068, NGC 4151, NGC 4278, NGC 5128 (Cen A), M101, M81, 
and M87. 

With our wP/PC camera operating at f/30 

An important part of the puzzle is the rapid light variation observed in some active 

For comparison with the nuclear bulge population of nearby galaxies, some images 
will be obtained of the nuclear bulge of our own Galaxy through Baade's window. 
type stars (of 21stmagnitude) are near the limit that can be dealt with from the ground 
due to crowding. 

Solar- 

Extremely distant radio sources 

We propose to search for extremely distant quasars and radio galaxies by taking deep 
exposures of fields in which there are radio sources having accurately k n o w  positions, 
but where nothing is visible to the limit of ground-based observations. 
now exist; a few even among the bright sources of the 3CR Catalog. 

of absolute magnitude, at the bright end of the galaxy luminosity function, and that 
quasars are all brighter than the brightest galaxies. 
at a given apparent magnitude, it sets a fairly well-determined laver limit to its 
distance. 
an extremely distant class of objects and a vezy early sample of the universe, which 
would otherwise take much more time to find with random searches in the serendipity mode. 

z = 1, and the great improvement in limiting magnitude of ST will enable US to see radio 
galaxies at much larger redshifts. 

Many such fields 

It is well established that strong radio galaxies fall within a fairly narrow range 

If a radio source cannot be seen 

This means that the optically empty radio fields will lead us immediately to 

Ground-based observations are now pressing their -*erne limit for radio galaxies at 

These very faint radio sources may shed light upon 
I 

I 
a number of questions, including the behavior of quasar counts at large redshifts. 

, Cosmological studies of relevance to galaxies 

Many Of the WF/PC observations we have proposed under Cosmology are also Of Value i n  
understanding galaxies and their contents. For -le, distance indicators (Cepheids, 
H I1 regions, globular clusters, and brightest stars) may exhibit population-dependent 
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d i f f e r e n c e s  from one galaxy t o  another.  Any d i f f e r e n c e s  can be t e s t e d  no t  only by 
comparing one d i s t a n c e  i n d i c a t o r  wi th  another b u t  a l s o  by comparing such c h a r a c t e r i s t i c s  
as t h e  d i s t r i b u t i o n  of Cepheid per iods  from one type of galaxy t o  another .  

of h ighly  r e d s h i f t e d  c l u s t e r s  of ga lax ies  i n  o rde r  t o  d e r i v e  evolu t ionary  c o r r e c t i o n s  
t o  magnitudes and diameters used i n  t h e  t e s t i n g  of cosmological m o d e l s .  In  t h e  process ,  
of course, w e  w i l l  a cqu i r e  e x c e l l e n t  ma te r i a l  f o r  r e f i n i n g  t h e  popula t ion  models and 
evolu t ionary  h i s t o r y  of e l l i p t i c a l  ga lax ies  which predominate i n  r i c h  c l u s t e r s  and which 
are of key importance t o  understanding the e a r l y  h i s t o r y  of t h e  Universe. 

Observations of QSOs, S e y f e r t  galaxies ,  and ga lax ie s  wi th  a c t i v e  n u c l e i  have a l s o  
been proposed i n  t h e  Cosmology s e c t i o n  i n  o rde r  t o  understand t h e i r  use  as p o t e n t i a l  
t o o l s  f o r  explor ing  t h e  remotest  parts of t h e  Universe, b u t  they are of g r e a t  i n t e r e s t  
i n  themselves as enigmatic o b j e c t s  where ex t r ao rd ina ry  phys ica l  p rocesses  are tak ing  
p lace .  WF/PC photometric, spectrophotometric,  and p o l a r i m e t r i c  observa t ions  of QSOs w i l l  
c o n t r i b u t e  to  a d e f i n i t i v e  phys ica l  model, and may be  one of t h e  major achievements of 
t h e  Space Telescope. 

I n  the Cosmology s e c t i o n  w e  have proposed t o  o b t a i n  spec t rophotometr ic  measurements 

Stars, c l u s t e r s ,  and nebulae 

There are a number of important problems involv ing  t h e  s tudy  of g a l a c t i c  o b j e c t s  which 
are i d e a l l y  s u i t e d  t o  t h e  high-resolution c a p a b i l i t y  of t h e  camera. 

Globular s t a r  c l u s t e r s  

The WF/PC w i l l  allow d e t e c t i o n  and photometry of stars i n t r i n s i c a l l y  much f a i n t e r  than  
i s  p o s s i b l e  from t h e  ground, w e l l  i n t o  t h e  crowded c e n t e r s  of t h e  clusters.  For t h e  b r i g h t  
c l u s t e r s  wi th  moduli near 15, w h i t e  dwarfs and lower main sequence stars can be found 
and photometered t o  abso lu te  magnitude +12. Using t h e  v i s i b l e  t ransmiss ion  g r a t i n g  wi th  
a s p e c t r a l  r e s o l u t i o n  -50, energy d i s t r i b u t i o n s  can be obta ined  f o r  these o b j e c t s  t o  
Mv - *lo .  For t h e  very c e n t r a l l y  condensed x-ray c l u s t e r s ,  t h e  n e a r e s t  example of which 
i s  M15, t h e  d e t a i l s  of t h e  luminosity d i s t r i b u t i o n  i n  t h e  co re  can be mapped, t o  compare 
wi th  t h e o r e t i c a l  e f f o r t s  i n  o r d e r ’ t o  discover whether t h e  X-ray sources  a r e  r e a l l y  
a s s o c i a t e d  w i t h  massive condensed objects .  

s eg rega t ion  i n  t h e s e  o b j e c t s ,  f o r  which the re  a r e  now d e t a i l e d  t h e o r e t i c a l  m o d e l s  bu t  no 
convincing observa t ions .  A l l  t h e s e  d a t a  bear on t h e  very i n t e r e s t i n g  ques t ion  of whether 
t h e  i n i t i a l  m a s s  func t ion  i s  t h e  same i n  g lobu la r  clusters,  poss ib ly  t h e  s i te  of a l l  
popula t ion  I1 star formulation, as it is i n  t h e  s o l a r  neighborhood today. There a r e  
i n d i r e c t  i n d i c a t i o n s  t o  t h e  cofitrary from p resen t  data, bu t  t h e  WF/PC w i l l  be a h l e  t o  
settle t h e  ques t ion  d i r e c t l y .  

SO t h e  WF/PC w i l l  reach t o  w e l l  below t h e i r  main-sequence t u r n o f f s ,  and crude s p e c t r a  
can be obta ined  wi th  t h e  g r a t i n g s  t o  about t h e  tu rnof f .  C r i t i c a l  comparison of t h e i r  
stellar popula t ions  can be made wi th  those of g lobular  c l u s t e r s ,  which are presumably 
s i m i l a r .  

Images of g lobu la r  star c l u s t e r s  can be  compared t o  determine t h e  e x t e n t  of mass 

Dwarf ellipticals l i k e  Draco, Sculptor,  Leo 11, and Fornax have moduli of order  20, 

H I1 reqions  and p l ane ta ry  nebulae 

The WF/PC w i l l  allow t h e  s tudy  of t he  f ine - sca l e  s t r u c t u r e  of H I1 reg ions  and 
p l a n e t a r i e s  wi th  unprecedented d e t a i l ;  t h e  r e s o u l t i o n  i n  Orion w i l l  correspond t o  a 
l i n e a r  d i s t a n c e  of about 10 AU wi th  modest deconvolution (0.05 a rcseconds) .  Combined 
wi th  the A3727, A5007 [ O  1111, A6300 [ O  11, and narrow Ha and H6 f i l t e r s ,  s t u d i e s  of 
e x c i t a t i o n  and i o n i z a t i o n  s t r u c t u r e ,  as w e l l  as maps of d u s t  d i s t r i b u t i o n ,  can be made 
on t h e s e  scales. It  has always been c l ea r  t h a t  t hese  o b j e c t s  a r e  exceedingly inhomo- 
geneous, wi th  important s t r u c t u r e  w e l l  beyond t h e  r e s o l u t i o n  of ground-based t e l e scopes .  

Supernova remnants 

The same remarks apply t o  t h e  l ine-emitt ing f i laments  and knots i n  SNRs.  I n  the 
impor tan t  special case of t h e  Crab Nebula, w e  w i l l  r e so lve  f e a t u r e s  a s  s m a l l  as the 
gyroradius  of t h e  most e n e r g e t i c  e l ec t rons  of t h e  synchrotron-emit t ing popula t ion  and 
thus  perhaps to the smallest s c a l e  of s t r u c t u r e  i n  the synchrotron continuum. The 
r e l a t i o n  of t h e  myster ious wisps t o  t h e  p u l s a r  may w e l l  be  c l a r i f i e d ;  t h e  “ t h i n  wisp” 
passes  w i t h i n  about one arcsec of t h e  pulsar  bu t  is no t  centered  on it. I t  is c l e a r  
t h a t  t h e  r a p i d  movement seen  i n  t h e  wisps is connected wi th  energy t r a n s p o r t  from t h e  
p u l s a r  i n t o  t h e  nebula,  b u t  t h e  mechanism is unc lea r ,  p a r t l y  because the geometry is 
obscure.  WF/PC images w i l l  c e r t a i n l y  c l a r i f y  t h e  p i c t u r e .  
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Novae 

The high s p a t i a l  r e s o l u t i o n  of the W/PC and its monochromatic imaging c a p a b i l i t y  w i l l  
a l low t h e  d e t a i l e d  development of a nearby nova s h e l l  to  be studied. The d e n s i t y  and 
e x c i t a t i o n  condi t ions  can be followed dur ing  e a r l y  stages us ing  the nebular l i n e  f i l t e r s .  
Nature, of course ,  needs t o  supply the nova. Severa l  p i c t u r e s  a t  d i f f e r e n t  times and 
s e v e r a l  wavelengths w i l l  be  r equ i r ed ,  b u t  t h e  exposures w i l l  be very s h o r t .  

The galactic cen te r  

The bulge near  the cen te r  can be s tud ied ,  as a l r eady  mentioned, through Baade’s 
“window”. 
i t y  and b r i g h t e r ,  bu t  t h e  a p p l i c a t i o n  of techniques l i k e  Scheuer’s P ( D )  formalism w i l l  
a l low t h e  determination of t h e  luminosity func t ion ,  and mass func t ion ,  t o  cons iderably  
smaller masses. Again t h e  ques t ion  is whether Or no t  the i n i t i a l  mass func t ion  i n  the 
bulge,  which presumably formed under condi t ions  no t  u n l i k e  those  i n  e l l i p t i c a l  g a l a x i e s ,  
is t h e  same as it is elsewhere. 

Star formation 

W e  w i l l  be l imi t ed  by crowding t o  t h e  s tudy  of stars of about t h e  sun ’ s  luminos- 

The high r e so lu t ion  c a p a b i l i t y  of t h e  W/PC allows s tudy  of s e v e r a l  p rocesses  related 
t o  the  e a r l y  evolutionary h i s t o r y  of stars. In t h e  Taurus dark cloud, there is star 
formation going on a t  a d i s t a n c e  of about 100 pc. The 0.05 a rc sec  r e s o l u t i o n  of decon- 
volved high S/N images from the f/30 system corresponds t o  only about 5 AU a t  this 
d i s t a n c e ,  and t o  dynamical t i m e s  f o r  a one s o l a r  m a s s  o b j e c t  of only about three years .  
Thus the motions of matter i n t o  (or ou t  o f )  p r o t o s t a r s  can be watched a t  these scales 
wi th  t h e  expec ta t ion  o f  t h ings  happening on i n t e r e s t i n g  timescales! The important  
ques t ion  of whether p r o t o s t a r s  have l a r g e  a c c r e t i o n  discs which might even tua l ly  be 
connected t o  t h e  development of p lane tary  systems can perhaps be s e t t l e d  by direct 
observa t ion  of t h e  discs. These observa t ions  a r e  quick ( t h e  exposures are s h o r t ,  and 
even f a i r l y  complete s p e c t r a l  coverage can be accomplished i n  q u i t e  a s h o r t  t i m e  and 
t h e  r e s u l t s  p o t e n t i a l l y  very e x c i t i n g .  

Solar  system 

W e  be l i eve  t h a t  the ST w i l l  prove t o  be no less important  f o r  p l ane ta ry  sc i ence  than  
s p a c e c r a f t  t a rge ted  t o  ind iv idua l  p l ane t s .  Observations wi th  t h e  WF/PC can c o n t r i b u t e  i n  
a major way t o  our  knowledge about i nd iv idua l  So la r  System o b j e c t s ,  inc luding  the 
dynamics of o u t e r  planet atmospheres, rudimentary composi t ional  c l a s s i f i c a t i o n  of airless 
bodies ,  t h e  de t ec t ion  of c i rcumplanetary matter, and many of the processes occurr ing  i n  
comets. In t h e  course of t i m e ,  it o f f e r s  t h e  e x c i t i n g  p o s s i b i l i t y  of d e t e c t i n g  p l a n e t s  
of o t h e r  s t a r s .  The f/30 camera w i l l  e x p l o i t  almost t h e  f u l l  o p t i c a l  r e s o l u t i o n  of the 
Space Telescope and a t  t h e  same t i m e  cover more than  a 1 arcmin f i e l d .  P l ane ta ry  s t u d i e s  
w i l l  u sua l ly  not  be i n  competi t ion wi th  o the r  ST programs, s i n c e  p l ane t s  can be  observed 
a t  t i m e s  when t h e  ST is unable t o  work on f a i n t e r  o b j e c t s  i n  t h e  presence of s u n l i g h t  
and e a r t h l i g h t .  Planetary observa t iona l  needs f a l l  i n t o  s e v e r a l  genera l  classes: 

Plane tary  atmospheres 

of d e t a i l  now seen  in  t h e  b e s t  ground-based photographs of J u p i t e r  and Sa turn ,  
r e spec t ive ly .  Our r e so lu t ion  of d e t a i l  on J u p i t e r  w i l l  approach t h a t  i n  Voyager f lyby  
images. Differences i n  cloud s t r u c t u r e  and i n  t h e  cloud flaw p a t t e r n  w i l l  be analyzed 
wi th  r e fe rence  t o  t h e o r e t i c a l  models t h a t  desc r ibe  t h e  va r ious  dynamic i n s t a b i l i t y  
modes by which h e a t  is t r anspor t ed  i n  p l ane ta ry  atmospheres. 
s t r u c t u r e  of J u p i t e r ‘ s  atmosphere c l e a r l y  shows t h a t  dynamic f o r c e s  p l ay  an important 
r o l e  on that  p l ane t ,  very l i t t l e  is known, obse rva t iona l ly ,  about atmospheric s t r u c t u r e  
on t h e  o the r  o u t e r  p lane ts .  

i n fe rences  concerning composition and v e r t i c a l  s t r u c t u r e  of t h e  atmospheres above the 
cloud tops  and concerning r e l a t i v e  he igh t s  of t h e  cloud tops  i n  va r ious  reg ions  of each  
p l ane t .  
p a r t i c u l a r l y  i n t e r e s t i n g ,  as the subso la r  l a t i t u d e  on Uranus w i l l  p rogress  much of the 
way from the pole to  t h e  equator.  

Measurements of the o p t i c a l  ob la t eness  of Uranus and Neptune, when combined w i t h  J 2  
w i l l  p l ace  c o n s t r a i n t s  on the radial mass d i s t r i b u t i o n s  i n  their i n t e r i o r s .  Systematic 
g l o b a l  views of Mars and Venus w i l l  provide information about some atmospheric phenomena 
that have been f r u s t r a t i n g l y  d i f f i c u l t  t o  study from f l y b y s  and o r b i t e r s .  Flybys ca t ch  
only a quick glimpse, and o r b i t e r s  tend ( f o r  good r easons )  t o  be myopic. Aeolian 
t r a n s p o r t  of d u s t  is a major f a c t o r  i n  the surface geology of Mars, and the Plane tary  

A t  f /30 t h e  camera can image Uranus and Neptune wi th  two o r  three times the r e s o l u t i o n  

Although t h e  banded 

Monochromatic images of t h e  o u t e r  p l a n e t s  i n  t h e  methane bands w i l l  enable  US to  d r a w  

Observations of Uranus from year  t o  year  over  t h e  l i f e t i m e  of ST w i l l  be 

. 

34 



. 

. 

C a m e r a  w i l l  enable  us,  dur ing  cri t ical  i n t e r v a l s ,  t o  observe the dynamics of d u s t  storms 
and condensate clouds wi th  more than t e n  times t h e  r e s o l u t i o n  t y p i c a l l y  available i n  
synopt ic  observa t ions  wi th  ground-based te lescopes .  

p a t t e r n  undergoes major changes i n  form and c o n t r a s t  i n  the course of days. The PC can 
dramat ica l ly  inc rease  t h e  length  of t h e  d a t a  base  f o r  such W da ta .  Indeed, a l l  of the 
p l a n e t s  need t o  be explored a t  wavelengths below 2900R. 

W e  a l s o  note t h a t  a number of complex o rgan ic  molecules, some of b i o l o g i c a l  s i g n i f i -  
cance, have absorp t ion  bands i n  t h e  range 2200-2600R. I f  such absorbers  ex is t  i n  the 
atmospheres of J u p i t e r  and Sa turn ,  their g l o b a l  d i s t r i b u t i o n  and, i n  p a r t i c u l a r ,  t h e i r  
r e l a t i o n s h i p  t o  atmospheric convect ive s t r u c t u r e  is of g r e a t  i n t e r e s t  and bears on 
ques t ions  r e l a t i n g  t o  the o r i g i n  of l i f e  i n  the s o l a r  system. 

Ground-based u l t r a v i o l e t  images of Venus i n d i c a t e  t h a t  the slowly c i r c u l a t i n g  cloud 

Surf aces 

The Plane tary  Camera  w i l l  be q u i t e  e f f e c t i v e  i n  d i s t i n g u i s h i n g  photometr ica l ly  
d i f f e r e n t  composi t ional  provinces on airless bodies of t h e  Solar System. Twelve of these 
w i l l  have diameters between 3 and 30 p ixe l s  a t  f/30. Ground-based photometry of 
a s t e r o i d s  has  a l ready  demonstrated t h a t  a lbedo d i f f e r e n c e s  may be of cosmogonic o r i g i n .  
On the o t h e r  hand, some airless bodies a r e  known t o  have non-uniform albedo and c o l o r ,  
p a r t i c u l a r l y  t h e  synchronously r o t a t i n g  sa te l l i t es  of o u t e r  p l ane t s .  W e  w i l l  be  able t o  
r e so lve  t h e  su r faces  of t h e  l a r g e r  a s t e r o i d s  and sa te l l i t es  adequately t o  d e t e c t  any 
inhomogeneity. The diameter and albedo of P l u t o  w i l l  be measured a c c u r a t e l y  f o r  the 
f i r s t  time, and its dens i ty  estimated. The d e t a i l s  of the newly discovered satell i te of 
P lu to  w i l l  a l s o  be e a s i l y  observed. The PC w i l l  a l s o  be very e f f e c t i v e  f o r  search ing  f o r  
p o s s i b l e  satellites of minor p l ane t s .  The r i n g s  of Uranus w i l l  be of g r e a t  i n t r i n s i c  
i n t e r e s t .  

miss ions  

The d i s t r i b u t i o n  o f  molecules, ions,  and r a d i c a l s  near  t h e  nucleus of a comet tells 
how and a t  what rate they a r e  formed, and it pu t s  c o n s t r a i n t s  on t h e  composition of t h e  
nucleus. The high r e s o l u t i o n  of the Planetary Camera w i l l  permit t h e  domain of pa ren t  
molecules i n  t h e  inne r  coma t o  be mapped t o  wi th in  t h e  d i s t a n c e  they w i l l  have reached 
only one minute a f t e r  evaporating from the nucleus.  For some comets, bo th  f/12 and f/30 
w i l l  be use fu l .  Although our f/30 camera cannot  be  expected t o  r e so lve  t h e  d i s k  of t h e  
nucleus,  it can isolate the nucleus photometrically so t h a t  i t s  s i z e  and the number 
d e n s i t y  of d u s t  p a r t i c l e s  i n  its v i c i n i t y  may be estimated. Parabol ic  comets a r e ,  of 
course ,  o b j e c t s  of oppor tuni ty .  When a f avorab le  one i s  discovered, one would want t o  
schedule ST ebservatiens at vari~us  heliocentric distances before  and a f t e r  p e r i h e l i o n  
passage. For comparison, one would want to o b t a i n  s i m i l a r  observa t ions  of a p e r i o d i c  
comet such as Encke and, of course, of Halley which w i l l  be i n  the v i c i n i t y  of t he  Sun near 
the p r e s e n t l y  planned launch da te .  The innermost Gal i lean  s a t e l l i t e  of J u p i t e r ,  I o ,  is 
surrounded by emission N-ouds of sodium, potassium, and s u l f u r  emit ted from its a c t i v e  
volcanos.  With t h e  WF/PC, t h e  d i s t r i b u t i o n  of t hese  emissions i n  t h e  immediate v i c i n i t y  
of t h e  s u r f a c e  of Io can be inves t iga ted .  

Planets of o t h e r  s t a r s  

'Whether t h e  Universe abounds wi th  p lane ts  is an exceedingly important ques t ion  both 
s c i e n t i f i c a l l y  and phi losophica l ly .  Detection of p l ane t s  around nearby stars by d i r e c t  
imaging would be extremely d i f f i c u l t ,  because t h e  r e f l e c t e d  l i g h t  of even a major p l a n e t  
w i l l  t y p i c a l l y  be  less than 10'8 a s  b r igh t  a s  its pa ren t  star.  The p l a n e t  image w i l l  be 
overpowered by photon noise  i n  t h e  wings of t h e  s ta r  image. Although this problem may, 
i n  p r i n c i p l e ,  be o v e r c m  by t h e  use of an  apodizing screen  i n  f r o n t  of the telescope, 
the requ i r ed  p r e c i s i o n  of t h e  o p t i c a l  f i g u r e  ( - X / l O O O )  is f a r  beyond ST s p e c i f i c a t i o n s .  

As t romet r ic  d e t e c t i o n s ,  however, appear f e a s i b l e .  Among nearby stars which are no t  
known doubles, a l a r g e  number would be expected t o  exhibit p o s i t i o n a l  o s c i l l a t i o n s  
exceeding 0.002 arcsecond peak-to-peak i f  each possesses a p l a n e t  of J u p i t e r ' s  mass and 
o r b i t a l  r ad ius .  The o s c i l l a t i o n  of t he  Sun, f o r  example, would have t h a t  ampli tude i f  
observed from a d i s t a n c e  of 5 parsecs.  A proper  sea rch  f o r  p l ane ta ry  systems w i l l  
r e q u i r e  p e r i o d i c  observa t ions  of candidate stars over t h e  l i f e t i m e  of the ST. W e  have 
developed a technique t o  modify a portion of one quadrant  of t h e  camera t o  a l l o w b r i g h t  
candida te  stars t o  be measured a s t rome t r i ca l ly  a g a i n s t  the f a i n t  star background i n  a 
s i n g l e  exposure. A 1- r e f l e c t a n c e  (about 0 . 0 5 %  a t  6500P)) s p o t  of 1.38 arcseconds 
diameter  has been placed on t h e  "pyramid" mir ror  near t h e  ST f/24 focus wi th in  t h e  WF/PC. 
This allows a t t e n u a t i o n  of a star (or other  o b j e c t )  by more than  7 stel lar  magnitudes 
wi thout  d i s t u r b i n g  its as t r ame t i c  l oca t ion  i n  t h e  CCD image. Combined wi th  t h e  large 
dynamic range of t h e  WF/PC, a s i n g l e  exposure should a l low astrometric l o c a t i o n  of t h e  
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b r i g h t  s tar  t o  about 1-2 mil l iarcseconds.  
c r a f t  po in t ing ,  guiding and thermal s t a b i l i t y ,  as w e l l  a s  t h e  mechanical and o p t i c a l  
s t a b i l i t y  of t h e  WF/PC i t s e l f ,  and depends only on the geometric s t a b i l i t y  of a s i n g l e  
CCD s i l i c o n  membrane which is opera t ing  a t  cons tan t  temperature.  
b i l i t y  of d e t e c t i n g  p lane ts  and low density.companions of nearby stars by t h i s  technique 
is one of t h e  most exc i t ing  uses of ST. 

This  technique is t o t a l l y  independent of space- 

W e  b e l i e v e  t h e  possi-  

Predicted,WF/PC performance 

W e  now have procured and measured t h e  f l i g h t  o p t i c s ,  f i l ters,  p o l a r i z e r s  and g r a t i n g s ,  
and s e l e c t e d  and charac te r ized  t h e  f l i g h t  cCDS. Based on t h e s e  d a t a  w e  can p r e d i c t  t h e  
performance i n  o r b i t  of the WF/PC wi th in  about 20% uncer ta in ty .  Since t h e  ST f l i g h t  
primary and secondary mir rors  are f i n i s h e d  and coated w e  can combine t h e  ST and WF/PC 
d a t a  to p r e d i c t  o v e r a l l  performance. Table 1 shows our  expec ta t ions  for c e r t a i n  g e n e r a l  
c h a r a c t e r i s t i c s .  Of s p e c i a l  i n t e r e s t  is t h e  l o w  noise  and l a r g e  dynamic range of t h e  
CCDs . 

T a b l e  1. General C h a r a c t e r i s t i c s  

Readout noise - 13.9-17.8 e l e c t r o n s  
Dark cur ren t  - less than 0 . 0 1  electrons/sec 
D i g i t i z a t i o n  level b i t s  - 1 2  
E l e c  t r o n s / b i t  - 7.5 
Exposure t i m e  - 0.12-100,000 seconds 
Intrascene dynamic range - 1500 

T a b l e  2 g i v e s  the run of d e t e c t i v e  quantum e f f i c i e n c y  w e  expect  and i l l u s t r a t e s  t h e  
very l a r g e  s p e c t r a l  coverage a v a i l a b l e .  

Table 2. Detective Quantum Eff ic iency  

- (nm) 

115 
1 2 0  
125 
1 4 0  
1 6 0  
200 
250 
300 
350 
400  
500 
600 
700 
800 
900 

1000  
1100 

0 . 2  
5 
6 
6 
7 

1 0  
1 0  
1 0  
1 0  

6 
20 
30 
32 
20 
1 6  
1 0  

3 

WF/PC + OTA 
( % I  

0.05 
2 
2.5 
2 
3 
5 
5 
5 
6 
4 

1 2  
18 
18 
1 2  

9 
7 
2 
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Table 3 gives other interesting properties and predictions indicat ing that stars should 
be detectable dasm to = 28 during a single orb i t  exposure. 

Table 3. Camera Specific Character is t ics  

PC WFC - 
Fie ld  of v i e w  2.63x2.63 arcmin 68x68 arcsec 
Pixel  s ize  0.1 arcsec 0.043 arcsec 
Overall dynamic range (0.12 - 3000 seconds) lO.O<mV<28.5 9.0<xq<28.0 

Predicted Performance f o r  S ta r s  

'57 

9.1 
10.0 
13.7 
14.3 
14.7 
15.0 
15.8 
16.4 
17.0 
17.6 

20.1 
20.9 
24.6 
25.1 
25.5 
26.0 
26.8 
27.4 
28.0 
28.6 

t = 0.12 second 

2 10 
- 

20 

10 

3 

1 
t = 3000 seconds 

210 
- 

20 

1 0  

3 

1 

320 

20 

10  

3 

1 

3 20 

20 

1 0  

3 

1 

Table 4 shows filter, polar izer  and grating t ransmission properties.  Unfortunately 
'red leaks' i n  the w filters w i l l  be s ign i f i can t  when observing cool o r  red sources 
due to the high QE i n  the red. 

Table 4. F i l t e r  Properties 

F i l t e r  Center 
NO. Wavelength ZZ Width 8 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

1216 
1450 
1800 
2250 
2800 
3300 
4350 
5525 
6800 
8150 

10000 
5950 
9100 

1280 to blocker cutoff - - 
Polarizer 
Polar izer  
Polar izer  

150 
290 
360 
450 
560 
600 
900 
950 

1400 
1700 

2500 
(9000 to  CCD cutoff)  

(7200 to  CCD cutof f )  
Long XPass 
1280 to  2000 
1280 to  3200 

ORiGiPjAL PAGE BS 
OF POOR QUALITY 

Comment 

Wide Lyman Alpha 
20% 
20% 
20% 
20% 
U 
B 
V 
R 
I 
Long XPass 
Wide v 
Wide R 
Wide W (CaF2) 
W blocker 
W blocker 
00 Orientation 
60° Orientation 
120O Orientation 
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Table 4. Filter Properties (Cont'd.) 

Filter 
No. 

20 
21 
22 
23 
24 

26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

25 

Center 
Wavelength R 

W Grating 
B Grating 
R Grating 

3300 
3700 
4100 
4500 
4900 
5450 
6000 
6600 
7250 
8000 
8750 
9650 

10500 
3750 
4686 
4363 
4870 
5017 
5160 
5890 
6310 
6563 
6660 
8890 

10830 
6585 

Width w 

330 
370 
4 10 
450 
490 
545 
600 
660 
725 
800 
875 
965 
1050 
80 
20 
20 
30 
30 
100 
40 
30 
20 
150 
50 
100 
20 

Comment 

CaF2 substrate 
on BG-38 substrate 
on OG-570 substrate 
10% 
10% 
10% 
10% 
10% 
10% 
10% 
10% 
10% 
10 % 
10 % 
10% 
10% 
3727 redshifted 
ne 11 
0 I11 
H S  
0 I11 redshifted 
C2 (comets) and Mg I1 
HeI, NaD 
0 I redshifted 
Ha 
H a redshifted 
CH4 (planetary) 
He1 
NII, redshifted Ha Virgo 

There are three "objective" gratings available which cover the far W (1300-4000R in 
two cross-dispersed orders), the blue (3000-6000R) and the red IR (6000-12~00.@~). 
dispersions are given in Table 5. We expect some of the most interesting serendipity" 
images will come from these gratings where each compact source will have a short spectrum 
along with a "zero order" image which can be used as a wavelength fiducial. We expect 
that 3000 second exposures will yield usable spectra to q, = 24 and hope that it will be 
possible to calibrate these spectra photometrically. Ground-based efforts are underway 
using a small telescope and appropriate gratings with a W / P C  reject CCD to develop the 
necessary "flat fielding" and other calibration techniques as well as software to reduce 
WF/PC-like grating images spectrophotometrically. 

Table 5. Grating Dispersions (R/pixel) 

The 

w at 24002 

Blue at 500$ 
Red at 7800 

1st Order 
2nd 0 der 

12.1 5.2 
15.0 6.4 
55.5 23.8 
110.8 47.6 
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Figure 1. The Wide Field/Planetary Camera 
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THE FAINT OBJECT CAMERA 

F. Macchetto*, and the Faint Object Camara Instrument Science Team 

Noordwi jk , The Netherlands 
Astronomy Division, Space Science Department of ESA, ESTEC, 

ABSTRACT - The Faint Object Camera w i l l  f u l l y  explo i t  the s p a t i a l  resolution capabi l i ty  of 
the Space Telescope on the very f a i n t e s t  detectable objects  over a broad wavelength range. 
A full complement of f i l t e r s ,  objective prisms and polar izers ,  a choice of coronographic 
masks, and a var ie ty  of scan formats extend the  s c i e n t i f i c  v e r s a t i l i t y  of the  d i r e c t  imag- 
ing mode. I n  addition, the Faint Object Camera  provides the unique f a c i l i t y  of long-sl i t  
spectroscopy t o  Space Telescope observers I - 

1. MAIN CHARACTEXISTICS 

The FOC is one of the four ax ia l  s c i e n t i f i c  instruments located a t  the foca l  plane of the 
ST and has overa l l  dimensions of about 0.9x0.9x2.2m3. 
interchange with the other ax ia l  s c i e n t i f i c  instruments; t h i s  ensures that removal and re- 
ins t a l l a t ion  can be achieved in-orbit  by a su i ted  astronaut.. The t o t a l  weight of the WC 
is about 318 kg and the average power consumption over a 95-min o r b i t  w i l l  be less than 
140 W. 

Its design is nndular and allows f o r  
. 

FOCAL I”€ APERTURE 
WITH CORONOOAAWIC FINGERS 

INCOMING LIGHT 

THE f/96 OPTICAL RELAY OF THE FAINT OBJECT CAMERA 

FIG.  1 The f/96 op t i ca l  re lay  
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. 
I 

PRIMARY MI- 
LTER WWEELS 

REWOVABLE MIR 

PRIMARY MI- 
LTER WWEELS 

OF PCOR QLlkLPTY 

REWOVABLE MIR 

CALIBRATIQI SOURCE 

THE f7L8 OPTICAL RELAY OF THE FAINT OBJECT CAMERA 

F I G .  2 The f /48  o p t i c a l  r e l a y  

1 .2 .  The 2 t i c a l  system 

The FOC conta ins  two complete and independent cameras, each with its own o p t i c a l  path and 
d e t e c t o r  system. The purpose of the  f/96 and f/48 o p t i c a l  r e l a y s  Is t o  t r a n s f e r  t he  images 
from t h e  f / 2 4  f o c a l  plane of t h e  ST to  the de t ec to r  photocathodes, matching t h e i r  p i x e l  
s i z e s  w i t h  t he  l e a s t  poss ib l e  image degradation and l i g h t  loss, while co r rec t ing  f o r  t h e  
astigmatism of the  ST o p t i c s .  

A number of add i t iona l  components a r e  provided, such a s  f i l t e r s ,  o b j e c t i v e  prisms and 
p o l a r i s e r s ,  and f a c i l i t i e s  f o r  l o n g - s l i t  spectroscopy and coronography, t o  enhance t h e  
s c i e n t i f i c  c a p a b i l i t i e s  of t h e  instrument. 

A l l  the o p t i c a l  elements and both de tec tors  are supported on an o p t i c a l  bench, which is 
r i g i d l y  connected t o  the  focal-plane s t r u c t u r e  of t h e  ST. 
wi th in  the load-carrying s t r u c t u r e  which provides a l i g h t - t i g h t  enclosure.  
image s t a b i l i t y  requirements,  t h e  i n t e r n a l  su r f aces  of t he  load-carrying s t r u c t u r e  which 
enc lose  t h e  o p t i c a l  bench are a c t i v e l y  thermally con t ro l l ed  with a s t a b i l i t y  of b e t t e r  than  
0.5OC. The r e l evan t  elements of  t h e  o p t i c a l  systems a r e  shown i n  phys ica l  l ayouts  i n  
F iqures  1 and 2 and a s  a func t iona l  block diagram i n  Figure 3. 

The o p t i c a l  bench is contajned 
To m e e t  t h e  

1.2.1. The f/96 and f /48 optical relays 
The primary o p t i c a l  r e l a y  of t h e  FOC has a f o c a l  r a t i o  of f/96 and is desisned t o  e m l o i t  
f u l l y  the reso lu t ion  c a p a b i l i t i e s  of ST. 

a t  f/96 and 0.044 arcsec  a t  f/48. 
arcmin away from t h e  ST o p t i c a l  a x i s ,  the r e l a y s  must a l s o  c o r r e c t  t h e  r e s i d u a l  astigmat- 
i s m  and f i e l d  curvature  of t h e  ST Ritchey-Chretien o p t i c s .  

Each r e l a y  c o n s i s t s  of an a p l a n a t i c  sys t em.  
from a s p h e r i c a l  concave primary mir ror ,  t o  an e l l i p t i c a l  convex secondary mirror  and then 
to  a c y l i n d r i c a l  concave fo ld ing  mir ror ,  which focusses  t h e  image onto t h e  d e t e c t o r ' s  f i r s t -  
s t a g e  photocathode. 

The second o p t i c a l  r e l a y  has  a f o c a l  r a t i o - o f  . f /48  f o r  a l a r g e r  f i e l d  of view. The normal p i x e l  s i z e  (25 pm) corresponds t o  0.022 arcsec 
As the centres of both FOC en t rance  apertures are 6 .6  

Beyond the  ape r tu re ,  t he  beam is re layed 

I n  the The fo ld ing  mir rors  can be moved f o r  i n - f l i g h t  refocussing.  

4 1  
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PIXEL I-. FOC I,'( I 
FULL SIZE ~- ,PC 1 / 3 0  

I W F C  11129 

FOLDING MIRROR 
REFOCUS 

I 

I 

1 1 I 1 

1 
FOLDING MIRROR 

REFOCUS 

1 

OETECTOR Na2 

FIG. 3 o p t i c a l  block diagram. Removable 
elements a r e  shown i n  dashed l i n e s .  

FIG. 4 Expected image q u a l i t y  of t h e  Space 
Telescope. The  image p r o p e r t i e s  a r e  des- 
c r ibed  by t h e  po in t  spread func t ion  ( I )  and 
t h e  e n c i r c l e d  energy f r a c t i o n  (11) and com- 
pared with t h e  adopted p i x e l  s i z e  f o r  FOC 
and WFC/PC (111). 

event  of l i g h t  overload, each focal-plane a p e r t u r e  can be c losed  by a s h u t t e r  i n  less than 
0.2s.  With the s h u t t e r  c losed ,  a mir ror  behind it r e f l e c t s  t h e  l i g h t  from a c a l i b r a t i o n  
source i n t o  t h e  o p t i c a l  pa th .  

1.2.2. The very high r e s o l u t i o n  apodizer (f/288 mode) 

arcsec a t  633 lll~ and 0.013 arcsec a t  125 nm. The o o t i c a l  a u a l i t v  of t h e  ST sua ran tees  nea r  
The t h e o r e t i c a l  Rayleigh l i m i t  (1 .22  X/D) f o r  t h e  angular r e s o l u t i o n  of t h e  ST is  0 .066  

d i f f r a c t i o n - l i m i t e d  performance a t  633 nm; t h e  FOC imaging-at  f/36 e x p l o i t s  t h i s  r e s o l u t i o n  
c a p a b i l i t y .  
w i l l  be reached by the ST a t  s h o r t e r  wavelengths bu t ,  even a t  wavelengths where t h e  d i f f -  
r a c t i o n  
w i l l  probably produce a s t a t i o n a r y  speckle p a t t e r n .  Deconvolution of t h i s  p a t t e r n  may then 
be poss ib l e ,  thereby y i e l d i n g  d i f f r a c t i o n - l i m i t e d  images a t  t h e  s h o r t e s t  d e t e c t a b l e  wave- 
lengths .  To e x p l o i t  t h i s  except iona l  r e s o l u t i o n  c a p a b i l i t y ,  a f a c i l i t y  f o r  imaging a t  
f/288 can be i n s e r t e d  i n t o  i n  t h e  f/96 o p t i c a l  pa th ,  g iv ing  a p i x e l  s i z e  of 0.007 arcsec 
(corresponding t o  the rms guiding e r r o r  of ST):  t h i s  i s  s u f f i c i e n t  t o  sample the speckle  
p a t t e r n  even a t  125 nm (Figure 4 ) .  

The f/288 f a c i l i t y  is a compact Cassegrain assembly which produces a magni f ica t ion  of x3 
and can be i n s e r t e d  a t  t h e  p u p i l  l o c a t i o n  i n  the f/96 o p t i c a l  pa th  between t h e  secondary 
mir ror  and t h e  f i l t e r  wheels (F igures  1 and 3 ) .  The t o t a l  f /288 f i e l d  of view w i l l  then  be 
7.5x7.5 arcsec and its c e n t r e  w i l l  be o f f s e t  from the c e n t r e  of t h e  f /96  f i e l d  of view by 
6.4 arcsec i n  the x d i r e c t i o n  and by 7.1 arcsec i n  t h e  y d i r e c t i o n ,  t h e r e f o r e  inc luding  t h e  
0 . 8  arcsec wide coronographic f i n g e r  (see Sec t ion  1.2.3) . 

There is a reasonable p r o b a b i l i t y  that  near  d i f f r a c t i o n - l i m i t e d  performance 

l i m i t  cannot be  reached by t h e  o v e r a l l  o p t i c a l  q u a l i t y ,  t h e  t e l e scope  a b e r r a t i o n s  
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1.2.3. Coronography 
F a i n t  s t r u c t u r e  c l o s e  t o  b r i g h t  ob jec ts  may be s tud ied  w i t h  a coronographic f a c i l i t y  

included i n  t h e  f /96  r e l a v .  It c o n s i s t s  of a f i x e d  mask Dlaced a t  the ST f o c a l  Dlane and 

Order 

1st 
2nd 
3rd 

- ~ _ _  ~ 

of an apodizing &sk loca ted  on t h e  f /288  removable Cassegrain a t  the ST pup i l .  *The-focal-  
plane mask (Figure 1) con ta ins  two f inge r s ,  0.4 and 0.8 arcsec wide r e s p e c t i v e l y ,  either of 
which can obscure the central  spo t  and up t o  t h r e e  A i r y  r i n g s  of the b r i g h t  source  depend- 
ing  on wavelength. The apodizing mask has been designed t o  remove the l i g h t  s c a t t e r e d  and 
d i f f r a c t e d  by the ST secondary mir ror  and s p i d e r  and by t h e  three suppor ts  of t h e  ST prima- 
r y  mir ror .  Since t h e  mechanisms are independent it is p o s s i b l e  t o  use  either one of the 
coronographic f i n g e r s  a lone  a t  f/96 or the 0.8 a r c sec  coronographic f i n g e r  and t h e  apodiz- 
i n g  mask a t  f/288, thus  r e a l i s i n g  a Lyot-type coronograph. 

The performance of this coronograph w i l l  depend s t r o n g l y  on the o p t i c a l  q u a l i t y  of the 
ST. Assuming t h i s  +ab good, t h e  coronograph w i l l  al low, by d i r e c t  imaging, t h e  de t ec t ion  
of f e a t u r e s  of 2x10" r e l a t i v e  i n t e n s i t y  ( 1 6 . 7  magnitudes f a i n t e r )  a t  an angular  s epa ra t ion  
of 1 arcsec from a b r i g h t  p o i n t  o b j e c t .  

1.2.4. Long-sli t  spectrograph 

one s i d e  of the main a p e r t u r e  (Figure 2 ) .  When the spec t rographic  mode is s e l e c t e d ,  the 
l i g h t  pass ing  through t h e  s l i t  is t r ans fe r r ed  through t h e  f /48  r e l a y  and is r e f l e c t e d  onto  
a f ixed  plane g r a t i n g  by a removable convex mir ror  placed between the fo ld ing  mi r ro r  and 
t h e  d e t e c t o r  (F igures  2 and 3 ) .  From there  the s p e c t r a l l y  d i spe r sed  and s p a t i a l l y  reso lved  
image is focussed onto  the photocathode of t he  f /48  d e t e c t o r .  The convex mirror c o r r e c t s  
the a d d i t i o n a l  a s t igma t i sm introduced by t h e  spec t rographic  elements. Both mir ror  and 
g r a t i n g  work with a magnif icat ion of unity. 

The spectrograph works wi th  three orders of the g r a t i n g  a t  f ixed  wavelength ranges and 
f ixed  s l i t  width (see Table 1). The e f f i c i e n c i e s  i n  t h e  var ious  o rde r s  without  f i l t e r s  
are given i n  T a b l e  2 and Figure 5. The f/48 wide-band and long-pass f i l ters  can be used t o  
select a p a r t i c u l a r  o rde r .  Se l ec t ion  of p o s i t i o n  angle  is  p o s s i b l e  only by r o l l i n g  ST. 
This a b i l i t y  i s  seve re ly  l imi t ed  by the  requi red  o r i e n t a t i o n  of t h e  s o l a r  a r r a y s  t o  sun- 
l i g h t .  Depending on the o b j e c t  pos i t i on  and time of the  yea r ,  it may take s e v e r a l  months 
before  an observa t ion  a t  a p a r t i c u l a r  pos i t ion  angle i s  f e a s i b l e .  

Table 1. The t h r e e  o rde r s  of the spectrograph. 

The f /48  f o c a l  plane aper tuze  contains a r ec t angu la r  s l i t  of dimension 20x0.1 arcsec2 on 

S p e c t r a l  range Projected s l i t  width P i x e l  s i z e  

360-540 IUII 0 . 4 0  nm 0.18 nm 
180-270 nm 0 . 2 0  nm 0 .09  nm 
120-180 IXII 0 .13 nm 0 .06  nm 

1.2.5. Transmission elements 
The f/96 r e l a y  inc ludes  four  wheels each with 1 2  p o s i t i o n s ,  comprising a t o t a l  of 34 

f i l t e r s  ( 4  long-pass, 3 wide-band, 6 broad-band, 1 9  narrow-band, 2- i n t e r f e r e n c e )  , f i v e  
a t t e n u a t o r s ,  t h r e e  p o l a r i s e r s ,  two objec t ive  prisms and fou r  empty holes .  The f /48  r e l a y  
con ta ins  two wheels each wi th  e i g h t  pos i t i ons ,  comprising 12 f i l t e r s  ( 3  long-pass, 3 w i d e -  
band, 6 broad-band) , two o b j e c t i v e  prisms and 

The f i v e  n e u t r a l  d e n s i t y  f i l t e r s  of t he  
f / 9 6  wheels (Am = 1, 2 ,  4 ,  6, 8) provide 
poss ib l e  a t t enua t ions  of 1 ,2 ,3  ... 9 
magnitudes. I n  the  manufacture of the 
a t t e n u a t o r s  very good uniformity i n  trans- 
mission has  been achieved over the spectral 
range from 120  t o  700 nm. 

The f /96  p o l a r i s e r s  are o r i en ted  i n  three 
d i f f e r e n t  p o s i t i o n  angles  (Oo, 60°, 120') 
and their s p e c t r a l  range w i l l  extend from 
130 t o  600 MI. The angular s epa ra t ion  Of 
the o rd ina ry  and ex t r ao rd ina ry  beam is 
s u f f i c i e n t  t o  achieve a 512x512 p i x e l  
format (25x25 pm2 p i x e l )  without  overlap 
of t h e  images. The transmission of t h e  
plane-polar ised l i g h t  is  10% a t  130 nm, 
50% a t  180 NII and 85% a t  250 nm. 

Each r e l a y  has  two o b j e c t i v e  prisms: one 
s i n g l e  pr ism of magnesium f l u o r i d e  f o r  
ope ra t ion  i n  the f a r  w ( s p e c t r a l  reso l -  

two empty ho le s .  

FIG. 5 ST + FOC t o t a l  e f f i c i e n c y  
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ution A / A A  = 50; efficiency of 90% at 150 nm) and one double prism of magnesium fluoride 
and silica for operation in the near W (spectral resulution X / A X  = 100 at f/96 and X / A X  = 
50 at f/48; efficiency of 80% at 250 nm). The pass-band of the objective prisms is 120- 
700 nm for the far W and 200-700 nm for the near W. 
prisms is such that the 1-D zoom option doubles the pixel size only in the direction per- 
pendicular to the dispersion, thus maintaining full spectral resolution but doubling the 
field of view. 

The orientation of the objective 

1.3. The Detectors 

To exploit fully the ST resolution whilst preserving a reasonable field of view, the 
detector should have as large a number of separated resolution elements as possible. 
Furthermore, to reach the faintest objects, the highest sensitivity is required over a wide 
wavelength range, with the lowest possible instrumental noise. TO achieve these goals, an 
imaging detector working in the photon-counting mode (Figure 6) has been chosen. 

PERMANENT MAGNET s -20 5-20 

"HOT" BlALKALl 

VIDEO PROCESSING 
UNIT -,-lp,?: - 9  -- -'cs 

OF POOR QUALITY 
CX,c;?.,'lr%,. i".-->L& 15 

a 

FIG. 6 Schematic drawing of the FOC photon-counting detector 

The two identical detectors consist of a three-stage image intensifier, which is optically 
coupled by a relay lens system to a television tube. The TV tube detects the scintillat- 
ions at the output of the intensifier, corresponding to the arrival of individual photons 
at the first-stage photocathode. The central x-y position of each burst is measured by a 
Video-Processing Unit, and the memory cell in the Scientific Data Store associated with 
that position (or pixel) is incremented by one. The image gradually builds up during 
exposures of up to several hours, and can be read in a non-destructive way at any inter- 
mediate time. 

The pixel size is normally 25x25 urn2 on the photocathode plane, but a one-dimensional 
zoom option can be selected giving 25x50 urn2 pixels, with the long dimension perpendicular 
to the dispersion of the objective prisms and of the spectrographic grating. 

The useful photocathode area is 25.6x25.6 mm2, which corresponds to 1024x1024 normal 
size pixels. 
to 262.144 (5122) words of 16 bits (or twice as many words of 8 bits). The normal data 
store format is 512x512 pixels with 16-bit digitisation. 
selectable: 1024x256, 256x256, 128x128 and 64x64 pixels, and each of these available form- 
ats can be positioned anywhere within the useful photocathode area. 

. 
(1-D) 

Mass and power constraints limit the capacity of the Scientific Data Store 

Other 16-bit imaging formats are 

A 1024x512 pixel format 
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is  a l s o  a v a i l a b l e  wi th  8-b i t  d i g i t i s a t i o n ,  and with t h e  1-D zoom op t ion  it covers t h e  whole 
use fu l  area of t h e  photocathode. 

1 . 4 .  Performance of t h e  FOC 

A summary of t h e  FOC modes is shown i n  Figure  7 .  Tables 2 and 3 g ive  the ST and FOC e f f i c -  
i e n c i e s  a t  s e v e r a l  wavelengths f o r  imaging and spectroscopy wi thout  f i l t e r s .  The bottom 
l i n e s  i n  t h i s  T a b l e  g ive  t h e  t o t a l  p robab i l i t y  t h a t  a photon which e n t e r s  t h e  2.4-m 
c i r c u l a r  a p e r t u r e  is a c t u a l l y  de tec ted .  These va lues  (see a l s o  Figure 5 )  al low the  determ- 
i n a t i o n  of t h e  system performance a t  any wavelength, t ak ing  i n t o  account  t h e  d e t e c t o r  back- 
ground (less than 3x10''' counts pixel" s'l). ST s t r a y  l i g h t  (mv > 23 mag arcsec'2) and 
t h e  sky b r igh tness .  Some examples of the t o t a l  system performances (Table 4 )  have been 
computed i n  magnitudes f o r  a p o i n t  source over a circle of 0 . 1  a r c s e c  i n  r a d i u s ,  or magni- 
tudes per arcsec2 f o r  extended o b j e c t s  over a r e s o l u t i o n  element of 2x2 p i x e l s .  I n  each 
case the spectrum of the source has been taken t o  be equ iva len t  t o  t h a t  of an A0 V s tar  and 
t h e  i n t e g r a t i o n  has been carried o u t  over a bandpass of 100  nm cen t r ed  around t h e  U-band 
f o r  t h e  imaging mode and around t h e  B-band for t h e  spec t roscopic  mode. The c a l c u l a t i o n s  
assume t h a t  a s tar  of mB = 25 g ives  6 . 1  photons s'l nm'l i n  t h e  2.4-m c i r c u l a r  a p e r t u r e  a t  
435 nm. 

Detector s p e w 4  response 0.05 0.07 0.10 0.13 0.13 0.11 0.W 0.07 0.05 0.03 0.015 0.001 O.OOO3 

Tot;llST + F a '  0.010 o.mz 0.018 0.013 O.MS 0.043 0.039 0.032 0.021 0.013 0.0065 0.001s 0.00013 

The f i n i t e  speed of t h e  TV tube readout and 
videoprocessing system limits the  l i n e a r  
range of pu l se  counting, t h i s  range depend- 
ind  on t h e  s e l e c t e d  format. For t h e  f u l l  
512x512 format, a maximum count rate of 0.6 
counts p ixe l - '  s-1 r e s u l t s  i n  non-linearity 
a t  t h e  s i n g l e  p i x e l  l e v e l  of b e t t e r  than 
l o % ,  c o r r e c t a b l e  t o  a photometric accuracy 
of about 1%. Higher rates of up t o  3 
counts pixel'l s-l can be co r rec t ed  wi th  
decreas ing  accuracy. The l i m i t  of 0.6 
counts pixel"  s-l corresponds t o  t h e  
c e n t r a l  p a r t  of a p o i n t  source of mv = 21, 
or t o  an extended source  of 15 mag arcseC2, 
f o r  t h e  f /96  f u l l  format. Nevertheless it 
is  expected t h a t  even f o r  b r i g h t  p o i n t  
sources wi th  heav i ly  s a t u r a t e d  c e n t r e s ,  good 
photometry can s t i l l  be obta ined  by ex t ra -  
p o l a t i n g  t h e  o u t e r  p a r t s  of the p o i n t  spread 
func t ion ,  s i n c e  t h i s  w i l l  extend over a 
hundred p i x e l s  or more. 

Third order Second order 

Wuvelcngth (nm) 120 I 6 0  I80 180 240 270 

F W  uptics throughput. 0.046 0.057 0.064 0.072 0.12 0.11 

0.0009 o.ooin 0.0016 0.003 0.008 0.008 T O I ~  ST - FOC 
dficienc y 

Bright  o b j e c t s  may also be observed by i n s e r t -  
ion  of n e u t r a l  d e n s i t y  f i l t e r s  i n t o  the f/96 
beam or by reducing t h e  f i e l d  format so t h a t  
a given p i x e l  can be sampled more f requent ly .  

First order 

.I60 JRO 540 

0.2' 0.35 0.32 

0.015 0.013 0.007 

I FILTERS 

FIG. 7 Summary of t h e  FOC modes 

45 



Table 4.  Nominal Performances. 

Time (I) S/ N S! N 
Magnitude for SIN - IO in 1000 s in IOh 

Tim (5) S I N  SIN 
Magnitude for S!N = IO in l,OOO s in IOh 

1196 (poiiirrourcrs) 
m L  

21 25 64 380 
22 63 40 240 
23 160 25 1 50 
24 410 I5 93 
25 I200 9.3 56 
16 3600 5.3 32 
27 13000 2.7 16 
28 61 000 I .3 7.7 
29 330 OOO 0.55 3.3 
30 I900000 0.23 I .4 

mL arcsrc - ' //96 (rxrrnducl objrcrs) 

IS 35 58 320 
16 89 34 200 
17 220 21 I30 
18 560 13 80 
19 1400 8.4 50 
20 3 700 5.2 31 
21 9 800 3.2 I9 
22 18000 1.9 11 
23 91 OOO 1.1 6.3 
24 360 000 0.53 3.2 
25 18ooOOo 0.24 1.4 

Time (s) SIN S, N 
Magnitude forS1N-10 in IOOOa in IOh 

21 

23 
24 
25 
26 
27 

29 
30 ' 

7 2  -- 

is 

25 
62 

160 
410 

I loo 
3 300 

l2OOO 
49 000 

250 ooo 
I4ooooo 

64 
40 
25 
16 
9.5 
5.5 
2.9 
I .J 
0.63 
0.26 

380 
250 
150 
94 
57 
33 
18 

a s  
3.8 
1.6 

Time 1s) S N  S N  
M.uyitude for S \i = IO in 1OOO s in IOh 

1ii8 I 48 \prc.rrciyrciplik wdc (A0 poi irr  .\oIIK.L~.~) 

I ?  5 I40 S30 
I3 13 87 520 
I4 33 55 330 
15  83 35 210 

I30 16 ?IO -- 
17 520 14 s3 
18 I300 a.7 5' 
I9 3 400 5.4 53 
'0 8900 5.4 20 
21 2'o(K) 2.0 12 
-- 7 1  77 ooo 1 . 1  6.5 
23 290 ooo 0.59 3.5 

7 -  

Time Is) S/ N Si N 
Magnitude forS:N=IO in 1000s in IOh 

in orcsrc - 1148 (rsrriidrcl nbjrcrs) 

17 
18 
19 
20 
? I  
22 
23 
24 
25 
16 
27 

14 
36 
91 
230 
610 

I 700 
5 300 
20 000 

480000 
2 800000 

moo0 

84 
53 
33 
21 
13 
7.7 
4.4 
2.3 
1.1 
0.46 
0.19 

500 
320 
200 
I20 
77 
46 
26 
14 
6.3 
2.7 
1.1 

8 
9 

10 
I 1  
I2 
13 
I4 
I S  
I6 
17 
IS 

8 
19 
47 

I20 
300 
750 

1900 
4900 
13000 
38 OOO 

13oOoo 

I20 
73 
46 
29 
18 
I I  
7.2 
4.5 
2.7 
1.6 
0.89 

690 
440 
280 
I70 
1 IO 
69 
43 
27 
17 
9.7 
5.3 

For example, i n  t he  64x64 p i x e l  format a t  f u l l  r e s o l u t i o n ,  t h e  l i m i t i n g  rate f o r  about  10% 
photometric accuracy would be 190 counts pixel'' s-1. These h igher  d a t a  rates raise t h e  
p o s s i b i l i t y  of using sma l l - f i e ld  formats i n  a t ime-resolution imaging mode ( f o r  example, i n  - 
searches  for o p t i c a l  coun te rpa r t s  of r ad io  pu l sa r s  or v a r i a b l e  X-ray s o u r c e s ) .  

Table 5 summarises the  angular p i x e l  s i z e s ,  t h e  f i e l d s  of view and t h e  b r i g h t  l i m i t i n g  
magnitudes corresponding r e spec t ive ly  t o  1% and about 10% photometr ic  accuracy on a s i n g l e  
p i x e l  f o r  t h e  various FOC modes, formats and p i x e l  s i z e s .  
source and a g r i d  of reseau  marks on the d e t e c t o r  photocathode w i l l  al low i n - f l i g h t  cali- 
b ra t ion  of photometric response and of geometric d i s t o r t i o n  a t  t h e  s i n g l e  p i x e l  level.  

An on-board uniform i n t e n s i t y  
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. 

field of view (arcsec) , the second r o w  gives 
the upper magnitude for point sources w i t h  1 %  
photometric accuracy on the central pixel: 
the third row gives the corresponding magni- 

magnitudes for about 10% photometric accuracy 
on the central pixel are about 1.7 magnitude 
brighter. Numbers in brackets refer to the 
extended axis of the 1-D zoom mode. In the 
f/48 spectrographic mode the format is l i m i -  

tude per arcsec’ for extended sources. Upper 

ted by the slit length of 20 arcsec. 

. 

3 .. 
S I N .  3 
b X. lwnm 

RELATM ‘17 m y  = 27,nOP 

- 3 0  

20 

~ ~~~~ 

FOC modc: /,%Imaging 5 288 Imaging /148 Imaging na SPav-PY 
Pixel s i z c  0.022x0.022(0.044) 0.007Jx0.0075(0.015) 0.044~0.044(0.088) 0.18nm x O.W(O.088) 

FOCformat (tini order) 

512 x 512 pixels 11.2 x 11.2 (22.5) 1.8 x 3.8 (7.6) 22.5 x 22.5 (45) 90nm x 20 
21.0 v 18.3 V 225 V 15.5 B 
15.2 V 12.5 V 17.7 v 10.7 B 

In deciding whether or not to use the FOC for  
a particular observation, it is useful to make 
a comparison with the other ST instruments 
with similar capabilities. For imaging appli- 

resolution at all wavelengths and the Wide- 
Field Camera/Planetary Camera (WFC/PC) the 
largest field of view (up to 2.67 x 2.67 arc- 
mid). The FOC will have an advantage in 
speed over the WFC at wavelengths less than 

equal in speed at 500 nm, while the WFC/PC 
is more advantageous than the FOC for A > 
550 mu. 

For imaging of faint objects two advantages 
of the WC became important. Firstly, dark 
current generation in the CCD cameras amounts 
to about 0.1 events pixel”s”, whereas that 

smaller. This advantage is particularly 
attractive in the W where the sky background 
is darker and the FOC efficiency good. 
Secondly, every time a CCD image is read out, 
it is accompanied by amplifier read-out noise 
which amounts to about 12 electrons rms per 

cations, the FOC provides the highest angular 

about 450 nm. The two systems will be about 

in the FOC is about three orders of magnitude 

I024 x 256 pixels 

2 -  

-FOC FASTER WFClPC FASTER- 

0 1  - 

0 2  - 

0 1  - 
~ 2 0 0 M o 1 0 0 y 1 o 6 0 0  

WAVELENGTH lnml  

2% x 256 pixels 

I28 x I28 pixels 

64 x 64 pixels 

225 x 5.6( 11.2) 7.6 x I .9 (3.8) 45 x I1.2(22.5) 180nm x 11.2(20) 
21.0 v 18.3 V 22.5 Y 15.5 B 
15.2 V 12.5 V 17.7 v 10.7 B 

5.6 x 5.6 (1 1.2) 1.9 x 1.9 (3.8) I I .2x 11.2(22.5) 45nm x 11.2(20) 
19.5 V 16.8 V 21.0 v 14.0 B 
13.7 V 11.0 v 15.2 V 9.2 B 

2.8 x 2.8 (5.6) 0.95 x 0.95 (1.9) 5.6 x 5.6(ll.Z) 22.5nm x 5.6(11.2) 
18.0 V 15.3 I.’ 19.5 V I 2 5  B 
12.2 v 9.5 v 13.7 V 7.7 B 

I . J x  lA(2.8) 0.47 x 0.47 (0.95) 18 x 2.8 (5.6) I1.2nm x 2.8(5.6) 
16.6 V 13.9 V 18.1 V 11.1 B 
10.8 V 8.4 V 12.3 V 6.3 B 

1.5. Comparison of the FOC with other ST 
instruments l0I \\ 
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in detecting faint objects can be compared. Figure 8 shows the comparison in speed between 
the FOC (f/96 configuration) and the WFC/PC configurations for the detection of a star with 
a flat spectrum having mv = 27 with S / N  = 3 with a band-pass of 100 nm. 

The long-slit spectrograph of the FOC does not pretend to be a complete spectrographic 
facility but represents a natural extension of the high-resolution imaging capability of 
the FOC. The spectral resolution of the FOC spectrograph is 2x103, intermediate between 
that of the Faint Object Spectrograph and the High Resolution Spectrograph- The FOC 
spectrograph will be the only choice for problems requiring simultaneous spatial resolution 
perpendicular to the dispersion direction. This unique facility will enable spectroscopic 
profiles of extended objects to be made with an angular resolution of the order of 0.1 arc- 
sec; this operation will be very useful in measuring velocity dispersions as well as 
temperature, density and composition distributions in comets, nebulae and galaxies. Unlike 
the Faint Object Spectrograph, the FOC spectrograph field of view will extend well beyond 
the target in many cases, thus producing simultaneous data for sky subtraction purposes. 
The limitations of the FOC spectrograph are its fixed spectral ranges and slit width. 
Wavelength calibration will be carried out by observations of astronomical sources. 

2. SURVEY OF SCIENCE OPPORTUNITIES 

This Chapter presents a wide range of scientific opportunities available to potential users 
of the FOC. Table 6 summarizes some of the exciting projects that might be undertaken, 
illustrating diagrarmnatically the application of the different FOC operational modes to 
different types of astrophysical problems. This survey is valid today, but even more 
exciting problems may present themselves by the time ST is launched. 

Table 6. A survey of science opportunities for the FOC. 

Optical train Operating modes Examples of scientific objectives 

f/96 Normal imaging (with or 
without wide- or narrow- 
band filters) 

High-resolution imaging especially in the 
ultraviolet-planets, binary stars, globular 
clusters. 
Detection of jets, optical emission from radio 
lobes. 
Morphological classification of distant 
galaxies. 
Proper motion studies of stars in globular 
clusters, Magellanic Clouds and of supernovae 
filaments. 

" with polarizer 

" with objective prisms 

f/2aa VHRA 

f/288 VHRA (in coronograph- 
ic mode) 

Coronograph without 
apodizer 

Polarisation in young stars, circumstellar 
shells, radio jets. 

Detection of low-redshift quasars by Lya 
emission. Determination of the redshifts of 
X-ray clusters. 

Diffraction-limited ultraviolet observations. 

Detection of planets around nearby stars: mass 
loss from stars; nebulosity around quasars. 

Binary star observations. 

" with objective prisms 

Long-slit spectroscopy 

Normal imaging (with or As above, but where a larger field of view is 
without filters 1 desirable, and/or when lower resolution is 

acceptable, e.g. following supernovae light 
curves up to 6 years after the explosion. 

As above. 

Spectroscopy across extended systems - 
globular cluster and galaxies. Determination 
of the velocity dispersion in the nuclei of 
galaxies and across the arms of spiral 
galaxies. 
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2.1. The d i s t a n c e  scale 

Measuring t h e  d i s t a n c e s  t o  astronomical o b j e c t s  is of fundamental importance, s i n c e  know- 
ledge of t h e  luminos i t i e s  of stars and ga lax ie s  depends on estimates of t h e i r  d i s t ance ,  and 
the  age of t h e  Universe is deduced from the d i s t a n c e  scale ass igned  t o  g a l a x i e s  which 
experience t h e  genera l  cosmological expansion. Because of i ts high angular  r e s o l u t i o n ,  t h e  
FOC w i l l  c o n t r i b u t e  t o  d i r e c t  geometrical d i s t a n c e  de te rmina t ions ,  and its l i m i t i n g  magni- 
tude w i l l  make it capable of g r e a t l y  extending t h e  range of d i s t a n c e s  over which p r e s e n t l y  
employed d i s t a n c e  i n d i c a t o r s  ( ' s t anda rd  cand les ' )  can be used. 

Pa ra l l axes  with 10% accuracy should b e  measurable t o  d i s t a n c e s  of a t  least  100 pc, 
b r inging  t h e  Hyades wi th in  range. For the n e a r e s t  stars, t h e  a b i l i t y  t o  o b t a i n  more 
accura t e  pa ra l l axes  w i l l  correspondingly inc rease  the  accuracy t o  which the  luminosity of 
main-sequence stars are known. Measurement of t h e  proper-motion d i s p e r s i o n s  of stars i n  
the  n e a r e s t  g lobular  c l u s t e r s ,  such as 47 Tuc and wCen, coupled wi th  accu ra t e  r a d i a l -  
v e l o c i t y  d i spe r s ions  being made with new ground-based techniques,  could g ive  distances of 
t hese  c l u s t e r s .  Accurate d i s t a n c e s  t o  expanding nebulae can also be measured by r e l a t i n g  
r a d i a l - v e l o c i t y  measurements t o  angular expansion rates. 

make t h e  b e s t  use of this powerful combination of ins t ruments .  FOC observa t ions  of select- 
ed f i e l d s  w i l l  enable a r o t a t i o n  f r e e p r o p e r  motion system f o r  t h e  Hipparcos obse rva t ions  to  
be e s t a b l i s h e d .  S imi l a r ly ,  using t h e  re ference  frame determined by Hipparcos, r e l a t i v e  
proper  motions and p a r a l l a x e s  obta ined  by t h e  FOC and by t h e  o t h e r  ST ins t ruments  can be  
converted t o  absolu te  ones. 

The classical d i s t a n c e  i n d i c a t o r s  - RR Lyrae s t a r s ,  Cepheid v a r i a b l e s ,  the b r i g h t e s t  
stars, g lobu la r  clusters and H I 1  regions - can a l l  have t h e i r  abso lu t e  magnitudes c a l i b r a t -  
ed through knowledge of t h e  d i s t a n c e  to  t h e  Magellanic Clouds. 
be seen i n  Local Group ga lax ies :  t h e  b r igh te r  Cepheid v a r i a b l e s  l ikewise  i n  t h e  Virgo 
c l u s t e r .  A s i n g l e  sequence of a dozen exposures spaced t h r e e  days a p a r t  w i l l  make it 
poss ib l e  t o  determine t h e  l i g h t  curves d i r e c t l y .  A t  t h e s e  d i s t a n c e s  t h e  Hubble flow is 
unaf fec ted  by the  pe r tu rb ing  effects of t h e  l o c a l  s u p e r c l u s t e r ,  and primary d i s t a n c e  
i n d i c a t o r s  would be t i e d  t o  t h e  g r e a t  galaxy c l u s t e r s  wi thout  t h e  need f o r  poorly known 
secondary d i s t a n c e  i n d i c a t o r s .  The b r i g h t e s t  s tars and g lobu la r  c l u s t e r s  w i l l  be resolved 
a t  r e d s h i f t s  up t o  z IL, 0.06, a d i s t ance  range inc lud ing  s e v e r a l  N-type ga lax ie s .  Giant  H I 1  
reg ions  would be d e t e c t a b l e  t o  r e d s h i f t s  of about one. 

Photometric measurements of Type-I supernovae provide a well-known cosmological tes t .  
Following t h e  discovery of such a supernova i n  a remote galaxy a t  maximum l i g h t ,  it w i l l  be 
important  t o  measure its magnitude a t  about 6 0  days and aga in  a t  about 2 5 0  days a f t e r  
maximum. Standard l i g h t  curves p r e d i c t  t h a t  t he  supernova w i l l  then  be about 3 and 6 
magnitudes f a i n t e r  than a t  maximum respec t ive ly .  An understanding and de termina t ion  of t h e  
supernova 's  phys ica l  condi t ions  then enables the  r a t i o  of t h e  s c a l e  f a c t o r s  of the Universe 
a t  t he  p re sen t  epoch and a t  t he  epoch of t h e  supernova explosion t o  be deduced. For better 

0 .016  magnitude per  day i n s t e a d  of 0.012 for t he  slower type,  and a s l i g h t l y  b r i g h t e r  
abso lu t e  magnitude. The FOC, reaching considerably f a i n t e r  l i m i t i n g  magnitudes than  ground- 
based observa t ions ,  provides an exce l l en t  oppor tuni ty  t o  perform t h e  test .  The small f i e l d  
s i z e  is n o t  a disadvantage,  t he  supernovae being discovered by surveys from t h e  gqound. 
The abso lu t e  photographic magnitude i s  predic ted  t o  be about M = -19 magnitudes, and a t  

mEg t e corresponding r e d s h i f t  is 0.15, large enough t o  provide cosmological da ta .  

A coord ina t ion  of obse rva t iona l  programmes with t h e  Hipparcos as t romet ry  mission w i l l  

RR Lyrae stars w i l l  e a s i l y  

discriE!.n=tiQ.n,  t!= 'fast' =..pe&~.~..r=e (Pzr.,.pe 13) s re  preferred - these ha-..= a &elin= of 

= 19.5 (probably a r e a l i s t i c  magnitude f o r  discovery) t h e  d i s t a n c e  modulus is 38.5 and 

2.2. Stars and s te l lar  evo lu t ion  

Observat ion and theory provide few ind ica t ions  of t he  way i n  which stars a c t u a l l y  form and 
how t h e  stellar b i r t h  rate depends on t i m e ,  s te l lar  mass, etc. A p r o f i t a b l e  l i n e  of a t t a c k  
on these  problems would be t o  observe s y s t e m s  t h a t  are a c t i v e  i n  star formation a t  t h e  
p r e s e n t  epoch - f o r  example a t  d i f f e r e n t  l o c a t i o n s  i n  nearby g a l a x i e s  of var ious  morpholog- 
ical  types.  

I n  o u r  own Galaxy o p t i c a l  observations of t h e  g i a n t  H I 1  reg ions  are impeded by i n t e r -  
stellar absorption. Many young stars are surrounded by t h i c k  d u s t  c louds  which absorb most 
of t h e  stellar energy and reemit it i n  the i n f r a r e d  s p e c t r a l  region. The extremely f a i n t  
l i m i t i n g  magnitudes of t h e  FOC may make it poss ib l e  t o  d e t e c t  t h e  c e n t r a l  star i n  some 
cases d e s p i t e  t h i s  l a r g e  a t t enua t ion .  For e x t e r n a l  g a l a x i e s ,  i n s u f f i c i e n t  angular resolu- 
t i o n  p reven t s  d e t a i l e d  observa t ions  of known g i a n t  H I 1  reg ions .  Not Only high r e s o l u t i o n ,  
b u t  a l s o  a f a i n t  l i m i t i n g  magnitude i s  requi red  t o  reach t h e s e  i n t e r e s t i n g  regions.  A 
typical observing proposal may ca l l  f o r  exposures of s e v e r a l  such r eg ions  i n  nearby galax- 
ies (LMC, M33, M101) i n  o r d e r  to look for the ind iv idua l  OB stars expected between -10<M<-2. 
Observat ions i n  t h e  U and V bands, and an u l t r a v i o l e t  band would enable  colour-magnitude 
diagrams and luminosity func t ions  for the stars to be determined, and a l low comparisons 
between ga lax ie s ,  and l o c a t i o n s  wi th in  g a l a x i e s ,  t o  be  made. 

There is much c u r r e n t  i n t e r e s t  i n  the evo lu t ion  of stellar populat ion and i n  elemental  
abundances i n  our own Galaxy. With the FOC t h e s e  s t u d i e s  can be f u r t h e r  extended to o t h e r  
g a l a x i e s .  S tud ie s  of stellar populations from the d i s t r i b u t i o n  of stars i n  the HR diagrams 
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f o r  d i f f e r e n t  p a r t s  of  o t h e r  g a l a x i e s  can be persued t o  d i s t a n c e s  of the o r d e r  of 10 Mpc 
and w i l l  i nc lude  ga lax ie s  of a l l  types. Within ou r  Galaxy, obse rva t ions  should l e a d  t o  an 
improved understanding of  t h e  c e n t r a l  r eg ions  by enab l ing  us  t o  p e n e t r a t e  t h e  absorb ing  
c louds  i n  those  d i r e c t i o n s .  

S t u d i e s  of M31 have shown that cu r ious  v a r i a t i o n s  of  s t e l l a r  popu la t ions  occur  c l o s e  t o  
the nucleus - they  appear as v a r i a t i o n s  i n  the s t r e n g t h s  o f  metallic l i n e s  o r  o t h e r  photo- 
metric i n d i c e s  such a s  CN. I t  is d e s i r a b l e  t o  extend such a s tudy  t o  g a l a x i e s  of d i f f e r e n t  
morphological types where, aga in ,  ground-based obse rva t ions  do n o t  have s u f f i c i e n t  angu la r  
r e s o l u t i o n  f o r  systems more d i s t a n t  than  M31. Line and continuum obse rva t ions  i n  the u l t r a -  
v i o l e t  w i l l  provide conf i rmat ion  of t h e  e x i s t e n c e  of h o t  stars suspec ted  from earlier 
s t u d i e s .  

of e s t a b l i s h i n g  the  cosmological  d i s t a n c e  scale. 
nebular  phase. Cas A, has an age of 300 y e a r s  - there is t h e r e f o r e  a g r e a t  gap i n  our know- 
ledge  a t  a l l  wavelengths f o r  t h e  age range 
700 days a f t e r  m a x i m u m  l i g h t  ( i n  the case 
of SN 1972e  i n  NGC 5253)  to  300 y e a r s .  
Ex t r apo la t ion  of a typical l i g h t  curve  
sugges t s  t h a t  one might be able t o  fo l low 
such an o b j e c t  spec t roscop ica l ly  i n  both 
t h e  W and the v i s i b l e  witl? the FOC t o  an 
age of 6-7 y e a r s ,  f a r  beyond t h e  t r a n s i t -  
i o n a l  period between t h e  opaque and the 
nebu la r  s t a g e s .  R e l i a b l e  abundance 
estimates can then be made f o r  the material 
t h a t  is s t i l l  l a r g e l y  uncontaminated d e b r i s  
from the p a r e n t  s t a r .  For o l d e r  supernovae 
i n  ou r  Galaxy (Vela, IC443 e t c . )  p roper  
motion measurements of the f i l amen t s  can be 
made, l e a d i n g  t o  a more complete dynamical 
p i c t u r e  of t h e s e  ob jec t s .  

Most p l a n e t a r y  nebulae and H I 1  r eg ions  of  
hiqh s u r f a c e  b r igh tness  have s u f f i c i e n t l y  
high e l e c t r o n  d e n s i t i e s  that the 2s s ta te  of 
hydrogen is c o l l i s i o n a l l y  de-exci ted.  B u t  
i n  the Cygnus Loop and V e l a  r eg ions  a s i g -  
n i f i c a n t  band of enhanced o p t i c a l  continuum 
appears  t o  be two-photon emission.  These 
o b j e c t s  t h e r e f o r e  provide a good oppor tun i ty  
of confirming the ex i s t ence  of long-standing 
t h e o r e t i c a l  p red ic t ion  i n  atomic phys ics .  
I t  i s  impor tan t  t o  understand t h e s e  f e a t u r e s  
s i n c e  continuum observa t ions  provide  t!!e only  
direct p r a c t i c a l  way of de te rmining  t h e  
hydrogen recombination tempera tures .  

p r e s e n t  t i m e .  I n  the case of t h e  Crab, the 
p u l s a r  is known t o  be r o t a t i n g  about  the 
magnetic f i e l d  a x i s  near  t h e  c e n t r e  of  the 
nebula,  a l though the s i g n i f i c a n c e  of  these 
obse rva t ions  i s  n o t  known. The t h i n  wisps 
c l o s e  t o  t h e  p u l s a r  a r e  a l s o  myster ious  - 
a l though the r a p i d  movement seen i n  t h e s e  
wisps  sugges t s  a connection with t h e  energy 
t r a n s p o r t  from t h e  p u l s a r  i n t o  the nebula,  
t h e  r e l e v a n t  mechanism is  unc lea r .  For t h e  
o t h e r  o p t i c a l  pu l sa r  i n  V e l a ,  F igure  9 shows 
the p o t e n t i a l  of the t ime-reso lu t ion  imaging 
mode from observa t ions  made a t  the Anglo- 
A u s t r a l i a n  Telescope. 

2.3. S t e l l a r  systems - g lobu la r  c l u s t e r s  and 

Observat ions of  very young supernova remnants have a l r e a d y  been d i scussed  i n  t h e  c o n t e x t  
The youngest supernova remnant known i n  a 

Only two o p t i c a l  p u l s a r s  are known a t  the 

normal ga l ax ie s  

Globular  c l u s t e r s  are a very common compo- 
n e n t  of the past and p r e s e n t  Universe ,  and 
are s t r o n g l y  connected wi th  t h e  h a l o s  of 
bo th  s p i r a l  and e l l i p t i c a l  g a l a x i e s .  Some 
150 g l o b u l a r  c l u s t e r s  are known t o  o r b i t  
our  own Galaxy, many hundreds are known i n  
M31, some thousands around M87, etc. 
Although t h e  g lobu la r - c lus t e r  popula t ion  of  

FIG. 22 Time r e s o l u t i o n  imaging of  t h e  
V e l a  p u l s a r .  
e i g h t  cont inuous ly  cyc led  i h  89 m s .  The 
p u l s a r  is  low i n  (a) and b r i g h t  i n  (b) 
( m ~  = 2 4 . 4  mag). T o t a l  f i e l d  is 1 2  x 1 2  
arcseca 
focus  of t h e  AAT). 

Two p i c t u r e s  of a series of 

(IPCS used direct a t  t h e  Cassegra in  
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a galaxy is l a rge ly  dependent on i t s  luminosi ty ,  t h e r e  a r e  some no tab le  excep t ions ,  and the  
phenomenon deserves  f u r t h e r  s tudy .  

A t  t h e  d i s t ance  of t h e  Virgo c l u s t e r ,  g lobular  c lus t e r s  w i l l  have d i f f u s e  images a t  f/96 
r e s o l u t i o n  and w i l l  be e a s i l y  d i s t ingu i shab le  from s tars .  Out t o  t h e  Coma c l u s t e r  the  
b r i g h t e r  g lobular  c l u s t e r s  w i l l  s t i l l  be countable ,  and t h e i r  UBV co lours  can be determined 
wi th  a r e spec tab le  S/N i n  about an hour.  

The b r i g h t e s t  g lobular  c l u s t e r s  of a galaxy are a p reca r ious  d i s t a n c e  i n d i c a t o r ,  whereas 
t h e  luminosi ty  func t ion  of t h e  whole c lus te r  populat ion may be  a more s t a b l e  i n d i c a t o r .  
The f a i n t  l i m i t i n g  magnitude of t he  FOC w i l l  enable  t n i s  determinat ion t o  be made f o r  many 
Virgo ga lax ie s .  Thus t h e  hypothesis  o f  s i m i l a r i t y  can be t e s t e d ,  and i f  i t  holds  i t  w i l l  
provide a good value f o r  t h e  d i s t ance  modulus of  t he  Virgo c l u s t e r .  

Within ind iv idua l  g lobular  c l u s t e r s ,  both dynamic and spec t roscopic  obse rva t ions  can be 
undertaken with the  FOC. I n  both cases, due t o  the  crowding of s t e l l a r  images and t o  the  
wide range in br ightness  found towards the c luster  c e n t r e s  , many i n t r i g u i n g  ques t ions  remain 
unanswered. Dynamically, t he  inner  p a r t s  o f  t h e  C lus t e r s  are the  most i n t e r e s t i n g .  The 
d e t a i l e d  v e l o c i t y  d i s t r i b u t i o n  of stars i n  t he  g lobular  c l u s t e r  i s  poorly known, a l though 
measured motions are i n  the  range 6-10 km s-l. The r a d i a l  dependence of t h i s  d i s t r i b u t i o n  
i s  requi red  t o  determine the  v i r i a l  mass of t he  c l u s t e r  and t o  cons t r a in  t h e o r e t i c a l  models 
of t h e  formation and evolu t ion  of  globular c lusters .  The high r e s o l u t i o n  o f  t h e  FOC w i l l  
enable  proper  motions of t h e  component s t a r s  t o  be measured w e l l  i n t o  reg ions  unresolved i n  
ground-based photographs, and the  f a i n t  l imi t ing  magnitude w i l l  extend t h e  v e l o c i t y  d i s t r i -  
bu t ion  down t o  low-luminosity, low-mass stars.  

Veloc i ty  measurements w i l l  probably throw l i g h t  on the  o r i g i n  of  t h e  X-ray emission 
de tec t ed  i n  some c lus t e r s .  Accretion onto a co l lapsed  o b j e c t  is the  favoured exp lana t ion ,  
bu t  whether onto a neutron star o r  a black ho le  is a matter of specula t ion .  I n  t h e  former 
case, b inary  systems nay even be observable d i r e c t l y  - such d e t e c t i o n s  would a l s o  g ive  
information on the  mass-luminosity r e l a t i o n  and consequently on the  o r i g i n a l  helium con ten t  
of t he  c l u s t e r  members. 

Spectroscopic  observa t ions  provide d i r e c t  information on the  chemical composition and on 
the chemical v a r i a t i o n s  induced by evolut ion.  The g rad ien t  of  metal con ten t  can be t r a c e d  
from the  o u t e r  t o  the  inner  p a r t s  of ga lax ies  v i a  g lobular  c l u s t e r s ,  and t h e  v a r i a t i o n  of 
chemical composition of c l u s t e r s  loca ted  i n  d i f f e r e n t  s p i r a l  a r m s  o r  i n  d i f f e r e n t  p a r t s  of  
nearby ga lax ie s .  One might expec t  t o  der ive UBV diagrams f o r  t he  ind iv idua l  b r i g h t e s t  
stars i n  clusters i n  M31 i n  which the  largest  c lusters  a r e  ba re ly  reso lved  i n  ground 
observa t ions .  

Br ightness  p r o f i l e s  a t  t h e  c e n t r e s  of e l l i p t i c a l  and ear ly- type s p i r a l  ga l ax ie s  a r e  
needed t o  understand the  dynamics of these systems. Again, ground-based r e s o l u t i o n  i s  
inadequate ,  a l though some r e c e n t  observat ions have suggested t h e  ex i s t ence  of a b r igh tness  
excess  a t  t h e  centres of some e l l i p t i c a l s  sugges t ing  t h e  presence of a c e n t r a l  black hole  - here  t h e  FOC reso lv ing  power should be dec i s ive .  

For normal qalaxies, w e  expect t o  be able  t o  c l a s s i f y  morphologically ga l ax ie s  i~ 
distant c l u s t e r s  up t o  a r e d s h i f t  of  about 0 . 8 ,  depending on t ne  amount of co lour  evo lu t ion  
occurr ing .  The f/96 mode of the FOC w i l l  provide s u f f i c i e n t  s p a t i a l  r e s o l u t i o n  t o  a l low 
the  determinat ion of the  co re  r a d i i  of d i s t a n t  ga l ax ie s  where t h e  small f i e l d  of  view w i l l  
be no l i m i t a t i o n .  The high spatial reso lu t ion  of t h e  FOC may prove t o  be t h e  dec id ing  
f a c t o r  i n  making these  observa t ions ,  although t h e  t echn ica l  f e a s i b i l i t y  of  t he  measurements 
w i l l  depend on some unanswered ques t ions  about t h e  s c a l e  sizes and luminos i t i e s  of d i s t a n t  
ga l ax ie s .  Even f o r  nearby ga lax ie s  t h e  constancy of va lues  expected f o r  t h e  c o r e  r a d i i  are 
no t  w e l l  understood. Although the  a i m  of such a p r o j e c t  would be t o  u s e  t h e  co re  r a d i i  as 
s tandard  rods  i n  o rde r  t o  s tudy the  r e d s h i f t  dependence of angular  s i z e s  and hence estimate 
q, w e  do n o t  have a p rec i se  idea  of what dynamical evolu t ion  might do t o  the  core r a d i i :  
neve r the l e s s  such observa t ions  w i l l  be useful i n  understand t h e  evo lu t ion  of ga l ax ie s ,  i f  
no t  f o r  cosmology. 

2 . 4 .  Nuclei of  galaxies  and high-energy a s t rophys ic s  

The FOC w i l l  g r e a t l y  improve our  knowledge o f  o t h e r  ga l ax ie s ,  of t h e  na tu re  of  t he  v i o l e n t  
phenomena going on i n  some of them and of the n a t u r e  of  quasars .  Astronomers w i l l  be a b l e  
t o  observe t h e  d e t a i l e d  o p t i c a l  s t r u c t u r e  of  g a l a c t i c  nuc le i  w i t h  a r e s o l u t i o n  approaching 
t h a t  of r a d i o  in t e r f e romete r s  and monitor poss ib l e  changes i n  t h i s  s t r u c t u r e .  For example, 
h igh- reso lu t ion  r a d i o  s t u d i e s  of galaxy NGC 1275 have r ecen t ly , ind ica t ed  t h e  ex i s t ence  of 
b r i g h t  kno t s  i n  the nuclear  reg ion ,  t h e  i n t e n s i t i e s  o r  s i z e s  of which are thought  t o  have 
changed over  t h e  p a s t  t h r e e  years .  Optical  monitoring of such sources  w i l l  be p o s s i b l e  
with t h e  FOC, and t h e  dynamical condi t ions c l o s e  to t h e  n u c l e i  of  nearby a c t i v e  ga l ax ie s  
w i l l  p rovide  s t rong  c l u e s  as t o  the  physical  processes  involved. High-resolut ion imaging, 
through f i l t e r s  s epa ra t ing  emission l i n e s  be l ieved  t o  be produced i n  d i f f e r e n t  r eg ions ,  can 
search  d i r e c t l y  f o r  s t r u c t u r e  i n  Seyfe r t s  such as NGC 1068 and NGC 4151 t o  v e r i f y  the 
s t r a t i f i c a t i o n  of t h e  i o n i s a t i o n  reg ions  pred ic ted  by photo ionisa t ion  models. The FOC 
l o n g - s l i t  spectrograph can then be used t o  s ea rch  f o r  any v e l o c i t y  s t r u c t u r e  p r e s e n t  while  
p re se rv ing  some s p a t i a l  information. Promising l i n e s  might be  CIVA 155 nm and HeIIA 164 nrn 
which are produced i n  d i f f e r e n t  reg ions  of i o n i s a t i o n  - choosing u l t r a v i o l e t  l i n e s  means 
t h a t  contaminat ion from t h e  underlying galaxy spectrum i s  minimised. 
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Numerous p r o j e c t s  t o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p  of normal g a l a x i e s .  Sey fe r tS ,  quasa r s  
and BL L a c  o b j e c t s  can be undertaken. A t y p i c a l  galaxy c l u s t e r  around a quasar  a t  z = 1 
should be about  1 arcmin ac ross .  The 4 4 x 4 4  arcsec2 f i e l d  of t h e  FOC a t  f /48  can be used 
t o  sea rch  f o r  these  g a l a x i e s  t o  a l e v e l  f a i n t e r  than  i s  o b t a i n a b l e  from t h e  ground. 
Observat ion of t h e  f i e l d  i n  r e d s h i f t e d  Lya and i n  an a d j a c e n t  band may enable  foreground 
and background ga lax ie s  t o  be r e j e c t e d .  

One o f  t h e  m o s t  important  obse rva t iona l  problems r e l a t e d  t o  quasa r s  i s  t h e  sea rch  f o r  an 
under ly ing  ga laxy  a s soc ia t ed  wi th  the  quasar  - i . e .  t o  sea rch  f o r  nebu los i ty  having t h e  
morphology and t h e  absorp t ion  l i n e  spectrum of  a galaxy a t  t h e  same r e d s h i f t  as t h e  quasa r .  
Progress  i n  t h i s  a rea  has  been slow because the  r e l e v a n t  s u r f a c e  b r igh tnesses  are very  low 
(Figure  1 0 ) .  I t  w i l l  be important  t o  determine t h e  morphologies of t h e  g a l a x i e s  under ly ing  
t h e  quasa r ,  t o  understand t h e  r e l a t i o n s h i p  between morphological type ,  r a d i o  p r o p e r t i e s  and 
space d e n s i t y  of  rad io  g a l a x i e s  and quasa r s .  Radio g a l a x i e s  wi th  extended double s t r u c t u r e  
and well-determined morphologies are nea r ly  a l l  e l l i p t i c a l  systems: w e  can hope t o  determ- 
i n e  whether r a d i o  quasars  are s i m i l a r l y  embedded i n  e l l i p t i c a l  g a l a x i e s ,  and whether t h e  
r ad io -qu ie t  quasars  ( l i k e  t h e  weakly-emitt ing S e y f e r t  n u c l e i )  are a l s o  i n  s p i r a l  o r  S O  
g a l a x i e s .  

Radio source  
coun t s  a t  d i f f e r e n t  f r equenc ie s  are known t o  have d i f f e r e n t  s l o p e s ,  t h e  s p a t i a l  d i s t r i b u t -  
i o n  of  steep-spectrum sources  i n d i c a t i n g  a s t r o n g l y  evo lv ing  popula t ion ,  whi le  t h e  f l a t -  
spectrum and low-luminosity sources  appear  t o  be more smoothly d i s t r i b u t e d .  One t h i n g  t h a t  
i s  badly needed i s  a complete l i s t  of  o p t i c a l  i d e n t i f i c a t i o n s  t o  a f a i n t e r  l i m i t  than  can 
be achieved from Earth.  

A t  p r e s e n t  a dozen r a d i o  g a l a x i e s  and quasa r s  are known wi th  j e t s  and knots  l o c a t e d  i n  
t h e  v i c i n i t y  of t he  nuc leus .  
thermal continuum r a d i a t i o n  can provide informat ion  on t h e  t r a n s f e r  of p a r t i c l e s  o r  energy 
from t h e  nuc leus  outwards. 
a v a i l a b i l i t y  of  very deep r a d i o  maps and d i g i t a l  dev ices  f o r  d i r e c t  imaging. Observing i n  
t h e  u l t r a v i o l e t  i nc reases  t h e  c o n t r a s t  o f  t h e  non-thermal j e t  a g a i n s t  t h e  s te l la r  continuum 
and the  inc reased  angular  r e s o l u t i o n  w i l l  enable  t h e  j e t s  t o  be followed very c l o s e  t o  the  
nuc leus ,  f o r  example i n  M87, i f  s c a t t e r e d  l i g h t  proves t o  contaminate  the  innermost k n o t s .  

be important  t o  cont inue t h e  search  f o r  
o p t i c a l  emission a s soc ia t ed  wi th  t h e  r a d i o  
lobes .  The cond i t ions  under which t h i s  
r a d i a t i o n  a r i s e s  i s  n o t  understood - it  
could a r i s e  from emission l i n e s ,  or from 
synchrotron o r  inverse  Compton r a d i a t i o n .  
A s tudy  of t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  
emission compared t o  t h a t  of t h e  r a d i o  
emission,  c o l o u r s  and p o l a r i s a t i o n s  w i l l  
g ive  a b e t t e r  i d e a  of t h e  d e t a i l e d  phys ica l  
p rocesses  involved - a l l  such cases of 
suspec ted  emission a r e  very f a i n t .  

Spec t roscopic  observa t ion  can be used t o  
determine t h e  r e l a t i o n s h i p  between t h e  
r o t a t i o n  axes  of the cen t ra l  g a l a x i e s  of 
double r a d i o  sources  and t h e  extended r a d i o  
s t r u c t u r e .  This  is important  f o r  models of  
energy flow and rad io  source  evo lu t ion ,  and 
has  proved very d i f f i c u l t  t o  determine from 
t h e  ground. 

Observa t ions  connected wi th  r a d i o  sources  are s i m i l a r l y  very  e x c i t i n g .  

Those r eg ions  known t o  e m i t  both o p t i c a l  and r a d i o  non- 

Observat ions wi th  the  FOC w i l l  complement t h e  i n c r e a s i n g  

Fur the r  o u t  i n  such r a d i o  sources  it w i l l  

2 . 5 .  S o l a r  System O b j e c t s  

The Space Telescope w i l l  enable  impor tan t  
obse rva t ions  of  p l ane t s  and sa te l l i t es  t o  
be made tha t  are not f e a s i b l e  i n  any o t h e r  
way. The very  h igh  r e s o l u t i o n  of t he  FOC 
w i l l  make it poss ib l e  t o  observe  f e a t u r e s  
50 t i m e s  smaller i n  a r e a  than is now t h e  case 
under t h e  very b e s t  cond i t ions  wi th  ground- 
based t e l e scopes .  
areas of a p l a n e t  synop t i ca l ly  wi th  on ly  
gradual  changes of  l i g h t i n g  o r  viewing geo- 
metry over  pe r iods  of months, whereas 
p l a n e t a r y  o r b i t e r s  and f lybys  are s e v e r e l y  
l i m i t e d  by o r b i t a l  c o n s t r a i n t s  t o  t h e  
obse rva t ion  of  p a r t i c u l a r  areas ( u s u a l l y  
s m a l l )  a t  p a r t i c u l a r  t i m e s .  Moreover, t h e  
FOC can provide ,  i n  an imaging mode, mul t ip le -  
passband photometry and polar imet ry  of  b e t t e r  

The FOC w i l l  view l a r g e  

FIG. 29. Imaging of  t h e  quasa r  Ton 256. 
The c e n t r a l  o b j e c t  i s  Ton 256 exposed 
s u f f i c i e n t l y  deeply t o  show t h e  presence  
of t h e  ga laxy  around it. Also seen are t h e  
c l u s t e r  g a l a x i e s  and foreground stars. 
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q u a l i t y  than any p lane tary  mission now scheduled. Such obse rva t ions  can f r equen t ly  be made 
when t h e  ST i s  unable t o  work on f a i n t e r  o b j e c t s  i n  t h e  presence of Sun- and Ea r th - l igh t .  

The very high r e s o l u t i o n  of t he  FOC can be u t i l i s e d  f o r  p l ane ta ry  imaging by a t t e n u a t i n g  
t h e  o p t i c a l  i npu t  and s t ack ing  a number of r e c t i f i e d  ou tpu t  scans.  

A b e t t e r  understanding of p l ane t s  requi res ,  t o  a l a r g e  degree,  b e t t e r  observa t ions  of 
t h e i r  changing f e a t u r e s .  Dus t  storms, w h i t e  c louds ,  p o l a r  caps ,  and p o l a r  hoods evolve on 
Mars. F a i n t  atmospheric markings c i r c u l a t e  around Venus, while  J u p i t e r  d i s p l a y s  a continu- 
ous ly  varying p a t t e r n  of b e l t s ,  zones and spo t s .  L i t t l e  is known about  dynamic processes  
on Uranus and Neptune; bu t  they may w e l l  n o t  be p l a c i d  and f e a t u r e l e s s  a t  FOC r e s o l u t i o n .  
Recently discovered photometric va r i a t ions  h i n t  t h a t  some of t h e  major s a t e l l i t e s  of t h e  
o u t e r  p l a n e t s  may a l s o  be i n t e r e s t i n g  objec ts  t o  watch a t  FOC r e s o l u t i o n .  Even i n  view of 
the r e c e n t  Voyager r e s u l t s ,  FOC imaging w i l l  f u r t h e r  advance our understanding of Jovian  
dynamics and w i l l  a l s o  br ing  Sa turn  within range of dynamical s tudy .  FOC monitoring of 
Mars dur ing  s e v e r a l  success ive  appar i t ions  should advance our  knowledge of t he  atmospheric 
c i r c u l a t i o n  p a t t e r n ,  dust-cloud generation, r eg iona l  wind v e l o c i t i e s ,  a e o l i a n  t r a n s p o r t  and 
white-condensate cloud formation. Imaging photometry and polar imet ry  w i l l  provide data 
concerning r eg iona l  su r f ace  composition, su r f ace  t e x t u r e  and ae roso l  s c a t t e r i n g .  

The ST w i l l  a l s o  allow s p a t i a l l y  resolved images of smaller s o l a r  system o b j e c t s  t o  be 
made. There are numerous o b j e c t s  i n  the So la r  System whose dimensions a t  oppos i t ion  are of 
t h e  o rde r  of 1 a rcsec  o r  less and which a r e  p a r t i c u l a r l y  appropr i a t e  f o r  observa t ions  wi th  
t h e  FOC. As examples w e  could c i t e  (i) the l a r g e s t  a s t e r o i d s  (among them Ceres, P a l l a s ,  
Juno and V e s t a l ;  (ii) t h e  Gal i lean  s a t e l l i t e s ;  (iii) two of t h e  l a r g e s t  sa te l l i t es  of 
Sa turn  (Rhea and T i t a n ) ;  ( i v )  Uranus, Neptune (and poss ib ly  its l a r g e  satel l i te  T r i t o n )  
and Plu to .  

For t h e  l a s t  t h r e e  p l a n e t s ,  t h e r e  i s  s t i l l  t he  e x c i t i n g  prospec t  of d i scover ing  new 
s a t e l l i t e s  as has been t h e  case  f o r  P lu to .  This search  may involve the  coronographic mode 
of t h e  FOC which w i l l  a l s o  be of use f o r  t h e  study of extended atmospheres around p l a n e t s  
and satel l i tes .  

The discovery of t he  r i n g  system around Uranus c a l l s  f o r  a thorough search  f o r  a small 
body i n s i d e  t h e  o r b i t  of Miranda, with approximately ha l f  of i t s  mass. Uranus subtends a 
rad ius  of 2 a rcsec ,  t he  r i n g s  have a radius of 4 a rcsec  whi le  Miranda o r b i t s  a t  1 0  arcsec 
from t h e  p l ane t .  I t  i s  t h e r e f o r e  only necessary t o  p l ace  Uranus o u t  of t h e  f i e l d  of view 
and take  a long exposure of t h e  reg ion  between the r i n g  and Miranda - i d e a l l y  the  curved 
pa th  of t h e  suspected sa te l l i t e  would be revea led .  

s u r f a c e  d e t a i l s .  For t h e  l a r g e s t  ob jec t s ,  d e t a i l e d  s u r f a c e  s t u d i e s  can be c a r r i e d  o u t  
dur ing  a s i n g l e  r o t a t i o n  cyc le .  For example, Ceres r o t a t e s  i n  9.1 h ,  i t s  diameter is 
1003 km and i t s  maximum apparent  diameter i s  0.7 a rcsec .  A s u r f a c e  element of about 
30x30 km2 can be reso lved  d i r e c t l y  with the p i x e l  s i z e  of t h e  FOC, and t h e  r e s o l u t i o n  can 
be f u r t h e r  improved with s u i t a b l e  deconvolution methods and t h e  f/288 mode. Such observa- 
t i o n s  could be combined wi thpolar imet r ic  s t u d i e s  t o  o b t a i n  information on t h e  su r face  
s triic t u r e  . 

The combination of a l l  t hese  observations can be used t o  determine t h e  sp in-axis  o r i e n t -  
a t i o n s .  Ground-based photometry ind ica t e s  very s t r ange  geometr ical  conf igu ra t ions  f o r  some 
o b j e c t s ,  a r e s u l t  which can a l s o  be i n t e r p r e t e d  a s  the e f f e c t  of a poss ib l e  b inary  n a t u r e  
of some of  t h e  a s t e r o i d s .  624 Hector is  one such o b j e c t ;  if it i s  a s i n g l e  a s t e r o i d  t h e  
a x i a l  r a t i o  must be a t  least  6:1, although t h e r e  a r e  t h e o r e t i c a l  cons ide ra t ions  which 
suggest a b inary  na ture .  A d i r e c t  f /96 exposure combined wi th  s u i t a b l e  image-processing 
techniques could r e so lve  t h i s  problem unambiguously. 

Another p r o j e c t  f e a s i b l e  w i t h  t he  FOC i s  t h e  search  f o r  p l a n e t s  around o t h e r  stars 
s i m i l a r  t o  those of our own Solar  System. I n  t h e  case  of Barnard's s t a r ,  long series of 
observa t ions  have f a i l e d  t o  r evea l  t h e  presence of a second s t e l l a r  mass, and t h e r e f o r e  t h e r e  
i s  f a i r  evidence t h a t  the s t a r  r e a l l y  i s  s i n g l e .  The r e s i d u a l s  from t h e  l i n e a r  motion may 
i n s t e a d  be a t t r i b u t a b l e  t o  a t  l e a s t  one p l ane t - l i ke  body a t  an angular d i s t a n c e  between 
1.5 and 2 arcsec from the  s t a r  and w i t h  apparent magnitude % = 28. The technique c o n s i s t s  
of us ing  t h e  coronograph occu l t ing  mask t o  avoid any s c a t t e r e d  l i g h t  from t h e  s ta r ' s  
c e n t r a l  peak caused by t h e  FOC o p t i c s ,  by t he  d e t e c t o r  f a c e p l a t e  and by t h e  inner  w a l l s  of 
t h e  image i n t e n s i f i e r .  Edge e f f e c t s  and d i f f r a c t i o n  from the secondary s p i d e r  are taken  up 
by t h e  apodizing mask. The r e s i d u a l  background is no t  uniform bu t  has  a mott led s t r u c t u r e  
which is f ixed  i n  pos i t i on  on the  de tec tor  f acep la t e .  A r o t a t i o n  of t h e  t e l e scope  around 
i t s  o p t i c a l  a x i s  w i l l  then cause a r o t a t i o n  of t h i s  p a t t e r n ,  while t h e  p l a n e t  w i l l  remain 
i n  t h e  s a m e  c e l e s t i a l  p o s i t i o n .  The subt rac t ion  of t h e  r o t a t e d  image from t h e  previous one 
w i l l  t h e r e f o r e  leave t h e  image of t h e  planet.  The FOC is t h e  b e s t  instrument on board f o r  
t h i s  p r o j e c t  (even with i t s  poor red response) because o f  its high angular scale and t h e  
very good coronograph. 

Q u i t e  a l a r g e  number of a s t e r o i d s  can be examined d i r e c t l y  f o r  d iameter ,  shape and even 
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3 .  CONCLUSIONS 

The FOC is one of the key elements of the European Space Agency's contributions to the 
Space Telescope programme. The other elements of the active European participation in this 
programme are: (i) the provision of a major subsystem namely the solar arrays and associa- 
ted mechanisms and (ii) the participation with ESA provided personnel in the operational 
activities of the Space Telescope Science Institute. 

The FOC is the result of the coordinated efforts of many individuals within ESA, the 
scientific community and industry. 
ledged. 

The contributions made by all are gratefully acknow- 
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Abstract 

Examples of scientific observing programs planned with the Faint Object Spectrograph on 
Space Telescope are presented. An overview of the spectrograph design and operation is 
presented. The expected astronomical performance of the instrument is described in some 
detail. References for further information are given. 

2.0 Introduction 

The Faint Object Spectrograph (FOS) is designed to allow spectroscopic analysis of 
physical conditions in faint and often extremely distant astronomical objects. The Space 
Telescope (ST) itself provides unprecedented spatial resolution throughout the ultraviolet 
to near-infrared portion of the spectrum. The excellent image quality is used by the FOS 
not only to make possible study of fine structures but also to achieve major improvement 
in limiting magnitudes by suppressing sky background. As described below, the FOS design 
is matched to the ST-unique Capabilities to provide astronomers a flexible instrument with 
broad spectral coverage, moderate spectral resolution, ultraviolet spectropolarimetry 
capability, stable and nearly linear photometric response over a large dynamic range, fine 
temporal resolution, and extremely low background. 

Several examples of scientific studies planned by the FOS Investigation Definition Team 
(IDT) are mentioned in Section 2.0. These programs illustrate the intended applications 
of the FOS, but form a biased sample emphasizing the predominantly extragalactic interests 
of the FOS IDT. Section 3.0 describes the FOS design features, modes of operation, and 
its status as of June 1982. Of greatest interest to potential users, Section 4.0 
discusses the anticipated performance of the FOS based on measurements of the flight 
hardware components. Finally, Section 5.0 lists references where the reader can obtain 
further information about the FOS. 

The POS is being built by the University of California, San Diego (UCSD) and prime 
subcontractor Martin Marietta Corporation (MMC) Aerospace Division in Denver, Colorado. 
ney personnei invoived in the FOS program are introduced in Tabie i.0-i. 

. 
NAME POSITION INSTITUTION 

Roger Angel 
Frank Bartko 
Edward Beaver 

Ralph Bohlin 

Margaret Burbidge 
Arthur Davidsen 

Richard Harms 

Bruce Margon 
Louis Ripp 
Charles Ross 
Eugene Strein 
Joseph Vellinga 

1 Holland Ford 

Co-Investigator 
Co-Investigator 
Co-Inves t igato r 

Co- I nves t ig a t o r 

Co-Investigator 
Co- Inves t iga tor 
Co-Investigator 
Pr inc i pa 1 
Investigator 
Co-Invest igator 
Project Manager 
Project Manager 
Project Engineer 
Systems Engineer 

University of Arizona 
Martin Marietta Corporation 
Science Applications Inc., 
University of California, San Diego 
Goddard Space Flight Center, 
Space Telescope Science Institute 
University of California, San Diego 
Johns Hopkins University 
Space Telescope Science Institute 
University of California, San Diego 

University of Washington 
Martin Marietta Corporation 
University of California, San Diego 
University of California, San Diego 
Martin Marietta Corporation 

2.0 Scie'nce programs 

The light-collecting power of the ST in the ultraviolet spectral region, the sharp 
imaging capability, and the reduced sky background offer the potential for many exciting 
observations. In this section, we describe some of the programs planned by the FOS IDT. 
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Because this paper is primarily an instrumental description, the planned scientific 
investigations are presented only cursorily. Still, we hope some of the excitement is 
evident, while the examples illustrate uses of the FOS capabilities. 

2.1 Active galaxies. High spatial resolution spectra of Seyfert and active galaxy nuclei 
are planned to obtain information concerning physical properties (temperatures, densities, 
and velocities) of the H I1 regions, dust content, and the nature of the ionization 
mechanism. Line strengths and profiles of the features listed in Table 2.1-1 will provide 
information to determine the physical parameters of individual ionized structures. 
Observations of intensity ratios of the auroral to transauroral line strength ratios 
listed in Table 2.1-2 will indicate dust content. Finally, measurements of the 
ultraviolet continuum and line intensities of differently ionized elements will indicate 
the extent of ionization due to thermal or nonthermal photoionization or due to shocks. 
All the lines in both tables lie within the spectral range accessible with the FOS. 

TABLE 2.1-1 
Density Sensitive Features 

I ON 

[Ne VI 
[A VI 
[A 1111 
[O 1111 
[O 1111 

* At T = 104K 

WAVELENGTH (2) 
1575 
2691 
3109 
4363 
5007 

CRITICAL DENSITY* 
8 

5.8 X 10- 

2.0 x lo8 
1.1 x lo7 

2.4 X 105 
6.5 x 10 

TABLE 2.1-2 
Extinction Sensitive Transitions 

I O N  AURORAL/TRANSAURORAL WAVELENGTHS (8) 
5192/3109 
7300/2854 
4625/2691 
7320 - 7330/2470 
3342/1815 
2974/1575 

2.2 Quasars. The studies of quasars are grouped in three categories below. The goals 
of these three broad programs can be summarized as: 1) determine the nature of underlying 
nebulosity associated with some quasars, 2) determine the physical conditions within 
quasars, and 3) seek the relationship of quasars with other astrophysical objects. 

The spatial resolution of the ST will be exploited in order to analyze the nature of 
the underlying nebulosity seen around some quasars, and presumably to be seen around more 
quasars by the ST cameras. Spectra of this nebulosity will test the hypothesis that 
quasars are embedded in galaxies. The FOS design incorporates special occulting apertures 
matched to the ST optics to maximize the nebulosity signal to quasar plus sky background 
noise ratio for these observations. The FOS team also intends to observe asymmetrical 
wisps and jets associated with some quasars and to compare these data to observations of 
the optical synchrotron knots in the M87 jet. The ultraviolet continuum emission from the 
jets will test models which generate relativistic electrons by collision between 
relativistic protons and cooler denser gas. The data will also provide information about 
the synchrotron cutoff frequencies of the various knots. 

The proposed investigation of physical conditions within quasars uses essentially the 
same methods as described in Section 2.1 to study Seyfert nuclei. In particular, we will' 
obtain information concerning temperatures and densities from auroral and nebular line 
strengths, about dust content from auroral to transauroral line intensity observed ratios, 
and about the high density regions from density-sensitive transauroral line intensities. 
For highly redshifted quasars, the highly interesting helium abundances from measurements 
of He I and He I1 lines will be possible. Indeed, many extreme-ultraviolet lines of 
astrophysical significance will become observable in highly redshifted quasars. Table 
2.2-1 lists some of these features along with the minimum redshift which will bring them 
into the observing range of the FOS on ST. 
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TABLE 2.2-1 
S i g n i f i c a n t  Quasar Fea tures  observable with FOS f o r  R e s t r i c t e d  Redshi f t s  

n~ 
H e  I 
H e  I1 
c I1 
c 1 x 1  
c I V  
N I  
N I f  

.I N I11 

N I V  
0 1  
0 I1 
0 I11 

. 
0 I V  
o v  
0 V I  
N e  I 
N e  I1 

N e  111 
N e  I V  
N e  V 
N e  V I  
N e  V I 1  
N e  V I 1 1  
N a  11 
Na I11 
Na IV 
Na V 
Na V I  
Mg 11 
Ms I V  
Mgv 

S i  I1 
S i  111 
S i  I V  
s I1 
s I11 

M n  I.< 
-Y 

s I V  

s v  
s V I  
A I  
A I1 

A I11 
A I V  
A V  

1025.7, 972.5, .. . , l i m  911.8 
584.3, 537.0, 522.2, l i m  504.4 
303.2,+256.3, 3 3 . 0  
1036.3 , 903.6 , ... l i m  508.6 
977.0, 386.2, 310.2, lirn 259.0 
312.4,+344.9 ++ 

1134.2++, 963.9++, l i r n  833 
1084.0 , 915.6 , 671.0 , 644.6++, ..., 
l i m  4 g . 9  
989.8 , 763.3+, 685.0++, 451.9*, ..., l i m  261.4 

765.1,+247.2 1039.3 , 1025+$+, 988.$+, + l i m  910.5 
832.8++ 539.4 430.0 l i m  35$+1 
832.9 , 702.3+', 507.4+4, 373.8 , 305.7, 303.6 
2.76,+3.79 
787.7 , 608.4+, 553.3'; 279.6' 
629.7 
1031.9, 1037.6 
743.7, 735.9, l i m  575.0 
462.4, 460.7, 454.6 , 445.0++, ..., l i m  302 

488.lU, 313.0+, 283.2* 
543.9-542.1, 5t1.1 ++ 

568.4++, 480.4++, 358.0++ 
558.6 , 433.2 , 401.1 , 399.8" 
465.2 
780.3, 770.4 
376.4, 372.1, 301.4, 300.2, l i m  262 
378.1 
410.4, 408.7 
463.3, 461.0, 451.9 
489.6, 414.3, 311.9 
1 ima24.7 
321 
353.1, 351.1 
A n i  i ~ n n  7 i o o  i 

l i r n  759 
566.5, l i m  370 
457.7, l i m  275 
912.7, 910.5, 296.9, l i m  530 
1021.2, 1015.5 , 1012.5, 735.3, 732.4, lirn 354 

1073.2, 1062.7, 816.0, 809.7, 753.8, 750.2, 748.4, 
744.9, 661.4, 657.3, lirn 262 

786.5 
944.5, 933.4, 249.3, 249.0 
1066.7, 1048.2, 894.3, 876.1, l i m  786.8 
932.0, 919.8, 740.3, 723.4, 671.9, 670.9, 666.0, 
661.9, lirn 44-9 

850.6, 843.8, 840.0 
449.1 

*"-.a, 'I-.., -a*._ 

887.4, 878.7 , 871.1, 637.3, iim 303 

0.12, 0.18, 
0.97, 1.14,  
2.79, 3.49, 
0.11, 0.27, 
0.18, 1.98, 
2.68. 3.70 ~. ~ 

0.01, 0.19, 
0.06, 0.26, ... , 1.75 
0.16, 0.51, ..., 3.40 
0.50, 3.65 
0.11, 0.12, 
0.38, 1.13, 
0.38, 0.64, 

0.46, 0.89, 
0.83 
0.11, 0.11 
0.55, 0.56, 
1.49, 1.50, 

1.36, 2.67, 
1.11, 1.12, 
1.02, 1.39, 
1.06, 1.65, 
1.47 
0.47, 0.49 
2.06, 2.09, 
2.04 
1.80, 1.81 
1.48, 1.49, 
1.35, 1.78, 
0.39 
2.58 
2.26, 2.28 
1 Q G  1 Q 7 ,  

1.52 
1.03, 2.11 
1.51, 3.18 

..e, 2.81 

--I.., - . - I  

..., 0.26 
1.20, 1.28 
3.73 ..., 1.26 
2.71, 3.44 

0.35 
0.71, 0.78, 

0.68, 1.54, 

0.16, 0.26 
1.67, 2.26 
1.27, 2.08, 

1.08, 3.11 

1.00 
1.53, 1.58, 

3.06 
1.13 
2.21 
1.87, 1.88 

2.82, 2.83, 3.39 

1.54 
2.69 

1 Q Q  *. "I 

0.26, 0.26, 0.27, 1.17 
0.13, 0.13, 0.14,  
0.56, 0.57, 2.25 
0.07, 0.08, 0.41, 0.42, 
0.53, 0.53, 0.54, 0.54, 
0.74, 0.75, 3.39 
0.46. 
0.22, 0.23, 3.61, 3.62 
0-08, 0.10, 0.29, 0.31, 0.46 
0.23, 0.25, 0.55, 0.59, 
0.71, 0.71, 0.73, 0.74, 1.56 
0.30, 0.31, 0.32, 0.80, 2.80 
0.35, 0.36, 0.37 
1.56 

Blends unresolved by FOS l i s t e d  a t  weig t a d  l i n e  center 

-t Lowest wavelength of marginal ly  resolvable  blend with FOS 
tF Lowest wavelength of a blend only p a r t i a l l y  r e so lvab le  by FOS 
NOTE: References f o r  t h e  wavelengths a re  from National Bureau of Standards (1950),  
Chemical Rubber Company (1968), Osterbrock (19741, and Bahcal l  (1979). The da ta  given a r e  
sometimes incons i s t en t  but never t o  a degree which s i g n i f i c a n t l y  undermines t h e  i n t e n t  of 
t h e  t a b l e  t o  s p e c i f y  r e d s h i f t  l i m i t s  for FOS observations.  

involves  c o r r e l a t i n g  equ iva len t  widths of t h e  La and C I V  l i n e s  with t h e  f a r - u l t r a v i o l e t  
continuum lumjnos i t i e s  of quasars.  

** FoS minimum observable  wavelength = 1150 B due t o  magnesium f l u o r i d e  c u t o f f  

A specific program t o  test  t h e  hypothesis of cosmological r e d s h i f t s  f o r  quasa r s  

P resen t ly  on ly  high r e d s h i f t  quasa r s  can be observed; 
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the ST allows low redshift observations in the ultraviolet which should decide the nature 
of the correlation. We also plan to test for the same correlation in Seyfert galaxies, 
which if found, would establish both a relationship between quasars and Seyferts as well 
as the cosmological redshift hypothesis for quasars. 

and planetary nebulae in the Local Group Galaxies in order to determine young and old 
stellar population abundances respectively as a function of galaxy mass and location 
within a galaxy. The spatial resolution of the ST will allow extension of these abundance 
measurements well into the nuclei of these galaxies, while absence of Hg I A4358 airglow 
will make possible the detection of far fainter 0 III 14363 abundance sensitive (through 
electron temperature) line intensities than is possible from the ground. Also, observed 
line strengths of ultraviolet lines such as C IV A1548 will permit abundance 
determinations of astrophysically important elements. 

stars of planetary nebulae in the Magellenic Clouds. The well-determined distances will 
allow accurate luminosities to be derived. The long-baseline ultraviolet spectra should 
provide good data for fitting model stellar atmospheres from which accurate effective 
temperatures can be obtained. It will be possible to observe central stars of planetary 
nebulae ranging in brightness from V = 15.6 to V=22 which will define central star 
evolution over a period in excess of 30,000 years. 

2.5 Time resolved spectrophotometry. Time resolved spectrophotometry of binary X-ray 
sources at ultraviolet and optical wavelengths can be expected to detect pulsations which 
will reveal the physical processes occurring when a relatively cool stellar atmosphere is 
intensely irradiated with X-rays. A series of spectrophotometric data from an X-ray 
binary serves both to elucidate the physics of the X-ray to optical pulse processing 
mechanism and to provide a velocity curve for the cool stellar companion from which (with 
the X-ray source velocity profile) the masses of the cool and X-ray emitting objects can 
be calculated. This program takes advantage of the FOS capability to obtain spectra at 
intervals as short as every 30 milliseconds. 

Two additional results will be obtained from the data gathered for the program above. 
Time-integrated spectral profiles at moderate dispersion will discriminate between Roche 
lobe overflow and stellar wind driven mass transfer processes. Significant lines for this 
work are C IV 11548, N V X1240, and 0 VI A1032 (the last not obtainable with the FOS). 
The second result to be expected from these data is the detection of absorption lines of 
the X-ray ionized surrounding matter providing information about the X-ray luminosity, 
circum-source matter density, and the flux variability of galactic X-ray sources on time 
scales comparable to the recombination times of the nearby interstellar gas -- about 100 
years. 

A similar study of recently discovered extreme ultraviolet sources such as HZ 43 and 
Feige 24 should help determine the high temperature end of the degenerate star luminosity 
distribution. The important inferences on stellar evolution provided by such data will 
comprise an interesting new test of the weak interaction theory. 

2.6 FOS spectropolarimetry. Interstellar polarization was discovered in visible light 
30 years ago and within a few years the basic explanation used today had been developed. 
The angular momentum vectors of spinning elongated or flattened dust particles are aligned 
in a perpendicular direction by an interstellar magnetic field. Thus the mean grain 
profile is elongated and the interstellar medium containing thin grains is linearly 
dichroic. In the 1960's it was found that the wavelength dependence of the linear 
polarization could be explained by grains of about the same size as those responsible for 
optical interstellar extinction and so a unified picture emerged. The subsequent 
discovery of circular polarization tended to confirm this picture. 

components seemed to be required -- one to explain the 2200 lg7P extinction peak and another - revealed added complexity (e.g., Aannestad and Percell, 

very small particles - to account for the continued rise in extinction in the far 
ultraviolet. There are regional variations in the amount of ultraviolet relative to 
optical extinction. An understanding of the nature of these grain components is an 
essential prerequisite to elucidating the origin of interstellar dust. 

Ultraviolet spectropolarimetry of reddened early type stars will be important in 
unra eling various aspects of these mysteries. First, the graphite explanation of the 

virtually spherical (Gilra, 1972). Since spherical particles produce no interstellar 
polarization, a clear test of this hypothesis is presented. Second, the composition of 
the very small particles is unknown though it has been suggested that they are the 

2.3 Galaxy chemical abundances. The FOS IDT has proposed observations of €I I1 regions 

2.4 Planetary nebulae. We have proposed to obtain ultraviolet spectra of the central 

However, satellite measurements of interstellar extinction in the ultraviolet have . Two additional grain 

22004 B feature is problematical and will suffice only if the particles are small and 

t 

58 



* 

r e f r a c t o r y  c o r e s  around which t h e  c l a s s i c a l  d i e l e c t r i c  p a r t i c l e s  a c c r e t e .  Are t h e s e  
g r a i n s  elongated and al igned? Only u l t r a v i o l e t  p o l a r i z a t i o n  measurements can answer t h i s  
s ince small  p a r t i c l e s  produce n e g l i g i b l e  a f f e c t s  a t  o p t i c a l  wavelengths. The d e t a i l s  of 
g r a i n  alignment mechanisms a r e  s t i l l  con t rove r s i a l  and he re  w e  have an unpara l le led  
opportuni ty  t o  discover  many s i z e  and composition dependent e f f e c t s .  

S t a r s  o t h e r  than those exh ib i t i ng  o p t i c a l  i n t e r s t e l l a r  p o l a r i z a t i o n  w i l l  a l s o  be 
polar ized i n  t h e  u l t r a v i o l e t .  Electron s c a t t e r i n g  is important i n  B e  and Of s t a r s .  Late  
type supe rg ian t s  a r e  a l s o  b r i g h t  enough t o  be detected.  The o r i g i n  of p o l a r i z a t i o n  is a 
mat ter  of debate;  although c i r c u m s t e l l a r  d u s t  seems t o  p l ay  an important r o l e ,  
photospheric e f f e c t s  a r e  a l s o  i n  evidence. U l t r a v i o l e t  polar imetry w i l l  h e lp  determine 
t h e  r e l a t i v e  importance of t hese  mechanisms. Compact r e f l e c t i o n  nebulae can a l s o  be 
examined t o  f i n d  t h e  s i z e  and composition of dus t .  

A completely d i f f e r e n t  mechanism giving r ise  t o  l i n e a r  p o l a r i z a t i o n  is t h e  in f luence  of 
very s t rong  magnetic f i e l d s  on r a d i a t i v e  t r a n s f e r  through t h e  atmosphere of a white dwarf. 
I t  is expected t h a t  f o r  l i g h t  f requencies  higher  than t h e  cyc lo t ron  frequency, t h e  l i n e a r  
p o l a r i z a t i o n  w i l l  not propogate through t h e  atmosphere (Angel, 1978). A c u t o f f  i n  
p o l a r i z a t i o n  a t  s h o r t  wavelengths thus  would g i v e  a f a i r l y  d i r e c t  measure of f i e l d 8  
s t r eng thg  The s t rong  s u r f a c e  f i e l d  measurement (by t h e  Zeeman e f f e c t )  of 2.5 x 10 G i n  
G r w  + 70 8247 implies a cyclotron frequency corresponding t o  a wavelength of 4000g. 4 
drop i n  l i n e a r  p o l a r i z a t i o n  is seen below t h i s  wavelength and measurements below 3000g 
should show no recovery. I f  t h e  e f f e c t  can be c a l i b r a t e d  and checked i n  w e l l  understood 
o b j e c t s ,  determinat ion of po la r i za t ion  cutoff can be used t o  g i v e  a unique measure of 
f i e l d  s t r e n g t h  i n  o the r  s t r o n g l y  magnetic white dwarfs. 

p r o p e r t i e s  of quasars  and Seyfe r t  galaxy nuclei  using both t h e  u l t r a v i o l e t  response and 
good s p a t i a l  r e so lu t ion  of ST. In nearby S e y f e r t  nuclei  t he  forbidden l i n e  emission 
regions j u s t  revolved s p a t i a l l y  from t h e  ground w i l l  be e a s i l y  resolved t h e  t h e  ST. In 
NGC 1068, for example, asymmetric d u s t  clouds e x t e r i o r  t o  the  permit ted l i n e  emission 
region g i v e  r ise  t o  s t rong (10%) n e t  p o l a r i z a t i o n  a t  3000R. The wavelength dependence 
f u r t h e r  i n t o  the  UV w i l l  g i v e  information on t h e  d u s t  composition, and its s p a t i a l  and 
s p e c t r a l  d i s t r i b u t i o n  w i l l  h e l p  show t h e  geometry and dynamics of t h e  g a l a c t i c  nucleus.  
For t h e  major i ty  of quasars  whose po la r i za t ion  is de tec t ed ,  but  q u i t e  small  (about  l % ) ,  i t  
is not even known whether s c a t t e r i n g  processes or synchrotron r a d i a t i o n  is r e spons ib l e .  
The f a c t  t h a t  i n  radio quasars  with double lobes ,  t h e  p o l a r i z a t i o n  and lobe- a x i s  a r e  
a l igned ,  sugges t s  t h a t  t h e  o r i g i n  is re l a t ed  f a i r l y  d i r e c t l y  t o  t h e  quasar geometry. W e  
can xpect  t h a t  s t u d i e s  with t h e  FOS polarimeter and from t h e  ground covering t h e  range 
12001 through t h e  near i n f r a red  may lead to  an understanding of t h e  o r i g i n  of p o l a r i z a t i o n  
and perhaps of t h e  continuum emission i t s e l f .  

2.7 Cosmology with supernovae. One of t h e  nost e x c i t i n g  and d i f f i c u l t  observa t ions  
planned with t h e  FOS w i l l  be t o  ob ta in  spectrophotometric measurements of d i s t a n t  
( r e d s h i f t =  0.3) supernovae i n  an at tempt  to  determine t h e  cosmological parameter q . 
(This presumes use of s i m i l a r  observations f o r  lower-redshift  supernovae t o  measur8 ?I .) 
The concept has  been thoroughly discussed i n  t h e  l i t e r a t u r e  (Wagoner, 1980 and r e f e r e k e s  
t h e r e i n ) .  

t h a t  of t h e  containing ga laxy) ,  t h e  i n i t i a l  time of explosion ( e a r l y  d e t e c t i o n ) ,  and t h e  
expansion v e l o c i t y  of t h e  supernova photosphere, then t h e  phys ica l  s i z e  of t h e  emission 
region can be known a s  a funct ion of time ( p r a c t i c a l l y ,  l imi t ed  t o  an i n t e r v a l  about one 
month). Spectrophotometry combined with s u f f i c i e n t  supernova models can f i x  t h e  observed 
luminosity.  ( I f  t he  supernova were simply a blackbody, t h e  d e r i v a t i o n  would be t r i v i a l ;  
one o b t a i n s  apparent luminosity d i r e c t l y ,  while  t h e  s p e c t r a l l y  measured temperature and 
known phys ica l  dimensions determine absolute  emit ted luminosity. The t r u e  s i t u a t i o n  is, 
of  course,  more complex.) 

Another important area of exp lo ra t ion  with t h e  FOS polar imeter  w i l l  be t h e  p o l a r i m e t r i c  

The b a s i c  idea is simple. I f  it is possible  t o  measure t h e  cosmological r e d s h i f t  (from 

Severe t h e o r e t i c a l  d i f f i c u l t i e s  a r i s e  from t h e  u n c e r t a i n t i e s  introduced by intervening 
i n t e r s t e l l a r  e x t i n c t i o n  and a complex photosphere (whose e f f e c t i v e  r a d i u s  may vary with 
wavelength). However, t h e  l a r g e  sampling of information obtained from a given observa t ion  
(hundreds t o  thousands of sampled wavelengths) probably can overcome t h e s e  d i f f  i c u l t i e s .  
The procedure is e s p e c i a l l y  a t t r a c t i v e ,  however, because cross-checking is a v a i l a b l e ;  
success ive  measurements i n  time sample the supernova a t  d i f f e r e n t  s i ze s  and temperatures.  
Of course,  observat ions of s e v e r a l  supernovae w i l l  be necessary a l s o .  

a supernova w i l l  be about B = 22 t o  23, and its temperature around 15,OOOK s h o r t l y  a f t e r  
formation. I n  one month, it w i l l  cool  to  about  6000K and f ade  a magnitude. As descr ibed 
i n  Sec t ion  4.0,  such an o b j e c t  w i l l  be possible  bu t  d i f f i c u l t  t o  observe a t  moderate 
r e s o l u t i o n  with t h e  FOS; e s p e c i a l l y  a s  t h e  supernova fades,  it may be necessary t o  switch 

The p r a c t i c a l  d i f f i c u l t i e s  a r e  a l s o  major. A t  a r e d s h i f t  of 0.3, t h e  blue magnitude of 
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to a low dispersion. In order to reduce the background from the parent galaxy, the ST 
spatial resolution is clearly essential. (However, we expect detection of the supernovae 
to arise from ground-based automated monitor surveys.) 

limits of ST + FOS performance. However, success appears possible, and the scientific 
reward will be large. Astronomers being ever willing to push instrumentation to its 
limits, we have no doubt others will cqnduct even more challenging observations on ST. 

It is fair to say that these measurements of redshift 0.3 supernovae lie at the extreme 

3.0 Instrument description 

The Faint Object Spectrograph is one of four axial scientific instruments on the Space 
Telescope. Figure 3.0-1 depicts the main features of the FOS. The instrument is divided 
into two major compartments: an electronics shelf area above and an optics-plus-detector 
region below. The entire structure is about 1 x 1 x 2 meters. - 

Light enters the FOS through a pair of entrance ports (shown at lower left of Figure 
3.0-1) located about 60mm = 215 arcseconds off the optical axis of the ST. The light from 
the object of interest then passes through one of two independent optical channels, each 
of which focuses nearly stigmatic spectral images on the photocathodes of photon-counting 
Digicon detectors. These channels differ only in the wavelength sensitivity of their 
respective detectors. At the ST focal surface is placed the FOS aperture wheel, 
containing eleven sets of single or paired apertures which range in size from 0.1 to 4.3 
arcsec projected onto the sky. The optical beam then passes through the polarization 
analyzer (which includes a clear agerture position) . The grazing incidence mirror , a 
"roof" prism, deflects the beam 22 upward. The reflection is required in order to allow 
the apertures to be placed near ST optical axis to minimize astigmatism, while meeting 
packaging constraints within the FOS. The deflected beam passes through an order-sorting 
filter, when required, in the filter/grating wheel. It is collimated by an off-axis 
paraboloidal mirror and then both dispersed (except for one imaging position) and focused 
by the selected element on the filter/grating wheel. 

. 

HIGH VOLTAGE WYCR WPPLY 
CENTRAL ELECTRONICS ANALOG SkWL PROCESSOR 

ASSEMBLY \ REYOTE \ CENTRAL T E R  SUPPLY I N T E W 8 U  UNIT 1 

FIGURE 3 . 0 - 1 .  Faint Object 
Spectrograph: dimensions of the 
axial  ST instrument are about 
1 x 1 x 2 meters. 

TER-GRITINS WHEEL 

3.1 0 tics. The design of the FOS optics is dominated by the desire to maximize 
throug + put efficiency while utilizing the part of the ST focal plane as nearly on-axis as 
possible. The FOS design has eliminated any need to compensate for ST optical 
distortions, and has reduced to a minimum the number of optical surfaces. For example, a 
far-ultraviolet photon suffers only 3 reflections in the FOS before reaching a detector 
(grazing-incidence mirror , collimator, and focusing grating). 

The port mechanism also contains mirrors so that, in its closed position, light from the 
internal spectral calibration lamps can be shone through the optical path for wavelength 
calibrations. 

The entrance port has simply two positions to close or open the FOS to external light. 

The entrance aperture mechanism selects one of the twelve aperture sets (in either 
optical path). Table 3.1-1 lists the various aperture choices provided. The largest 
aperture, 4.3 arcseconds square, will be used for target acquisition. A Variety of 

knots in jets such as in M87) to 1.0 arcseconds for  spectrophotometry or faint-nebula 
spectroscopy will enable astronomers to conduct diverse observations with high scientific 
efficiency. 

I '  apertures from 0.1 arcseconds diameter for spectroscopy of fine spatial structure (e.9. 

. I  Specialized occulting apertures are intended for the study of faint sources 
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surrounding bright objects, particularly nebulosity surrounding quasars. 

Table 3.1-1 Primary Entrance Apertures 
* 

Numbe r Shape Size (arcsec) Center-to Center Special 
Separation (arcsec) Purpose 

Single 
Single 
Single 
Blank 
Single 
Pair 
Pair 

* Pair 
Pair 
Single 
Single 
Single . 

Round 
Round 
Round 
N/A 
Square 
Square 
Square 
Square 
Square 
Rec t anq yla r 

Rectangular 
Square ** 

0.5 dia 
0.3 dia 
1.0 dia 
N/A 
4.3 
0.5 
0.25 
0.1 
1.0 
0.25 x 2.0 
2.0 
0.7 x 2.0 

Polarimetry 
Polarimetry 
Polarimetry 
Light Shield 

Target Acquisition 
Object & Sky 
Object & Sky 
Object & Sky 
Object & Sky 

Extended Objects 
Sur round i ng Nebul os i t y 
Surrounding Nebulosity 

Failsafe Entrance Aperture 

Pair Square 0.5 and 4.3 4.4 Ta rg e t Ac qu i s i t ion 
& Spectroscopy 

The FOS polarization analyzer allows positioning of any of three elements into either 
optical path: a clear aperture, a thin-waveplate plus Wollaston prism assembly, or a 
thick-waveplate plus Wollaston prism assembly. One waveplate is permanently located in 
front of each Wollaston. The polarimeter is designed so that only a single motor is 
required to rotate the waveplates and to move either of the Wollaston/waveplate pairs from 
one entrance port to the other or out of the way. A drum, which is only 1.9 inches in 
diameter, contains the two Wollaston/waveplate pairs. The Wollastons are peraanently 
fixed to the drum, but the waveplates are mounted in rotatable cylinders inside the drum. 
The waveplate cylinders have a 1.5-tooth gear on the outside which meshes with a 17-tooth 
fixgd center gear inside the drum. One revoJution of the drum rotates the Wollastons by 
360 . The waveplates, however, rotate 382.5 . Each rotatign of the drum thus increments 
the position angle of the waveplate fast axis by a net 22.5 . Sixteen rotations of the 
drum bring the mechanism back to its original configuration. Figure 3.i-i is a photograph 
of the flight polarizer mechanism. 

\ 

FIGURE 3.1-1. 
is about 5 cm diameter. 

FOS Polarizer Analyzer: upper rotating barrel 
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The f i l t e r / g r a t i n g  wheel photographed i n  F igure  3.1-2 (s t i l l  wi th  dummy o p t i c a l  
e l e m e n t s ) ,  a l lows  s e l e c t i o n  from t e n  p o s i t i o n s  i n  each o p t i c a l  path. Table 3.1-2 p r e s e n t s  
t h e  d i s p e r s i o n  s e l e c t i o n s  a v a i l a b l e ,  and d e s c r i b e s  t h e  f i l t e r s  used i n  f i v e  of  t h e  t e n  
p o s i t  ions.  

t o l e r a n c e s  ( i n i t i a l  alignment and s t a b i l i t y )  i n  t h e  t e n s  of micrometers f o r  an  o p t i c a l  
s t r u c t u r e  over  a meter long. Not s u r p r i s i n g l y ,  t h e  FOS o p t i c a l  bench is made of  
graphite-epoxy. However, as  a photograph of t h e  bench (F igure  3.1-3) and a photograph of 
its j o i n t s  (F igure  3.1-4) make c l e a r ,  t h e  geometry is complex. The des ign  s e l e c t e d  uses 
pre-welded inva r  j o i n t s  i n t o  which a r e  i n s e r t e d  t h e  graphite-epoxy tubes ,  a l l  designed f o r  
near-zero thermal  expansion c o e f f i c i e n t  a t  t h e  o p t i c a l  compartment ope ra t ing  tempera ture  
of 20c. 

A cons ide rab le  chal lenge i n  t h e  FOS des ign  was t h e  requirement t o  main ta in  p o s i t i o n a l  

! 

FIGURE 3.1-3. FOS Optical Bench: over one 
meter long, constructed of invar joints and 
graphite-epoxy tubes. 

FIGURE 3.1-2 (upper left). 
FOS Filter/Grating Wheel: 
outer ring of aluminum caps are 
disperser locations: inner ring 
of holes are filter locations. 

FIGURE 3.1-4. Optical Bench Invar 
Joints: note geometrical complexity 
leading to choice of welded joint 
structure , 
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Table 3.1-2 Wavelength Coverage of FOS Modes 
D i  sQe rse r s  

Element Resol u t  ion 
a t  Cent ra l  
Wav eleng t h  
( R =  ?,/ax) 

. 

Wavelength (nm) 
Min Max 

I 

Grat ing H13 1200 110 164 
Grating H19 1200 153 228 

Grating H40 1200 319 474 
Grat ing H27 1200 2 2 1  329 

Grat ing H57 1200 459 683 
Grating H78 1200 626 931 

P r i s m  100 250 
Grat ing L60 200 400 800 

Grat ing L16 200 110, yoO,* 
Mirror 1 110 900 

Blocking F i l t e r s  

E l  e m  en t Wavelengths (nm) Minimum 
T=1% T=90% Wavelength 

(nm) Mode 

FH27 = fused s i l i c a  >165 (200 221 
FH40 - WG 305 290 340 319 
FH57 = GG375 G34 355 425 459 
FH78 = OG 530 510 550 626 
FL60 = CG375 G34 355 425 400 

Transmission 
a t  Min. 

Wavelength 

93% 
87% 
91% 
91% 
85% 

t ** Resolution is about 400 a t  250 nm. 
Resolution is about 25 a t  700 nm. 

3.2 Detectors .  There a r e  two independent assemblies,  one for each o p t i c a l  channel. 
Each d e t e c t o r  assembly c o n s i s t s  of a Digicon tube (descr ibed i n  Harms e t  a l . ,  1979 and 
r e fe rences  t h e r e i n ) ,  d e f l e c t i o n  c o i l s ,  a permanent magnet focus assembly, magnetic 
s h i e l d i n g ,  mounting and alignment s t r u c t u r e ,  heat  p ipes ,  temperature senso r s ,  hybrid 
preamplif iers ,  and connectors.  

photocathode and f a c e p l a t e  ma te r i a l s .  T h e  b lue d e t e c t o r  has a b i a l k a l i  photocathode 
(Na KSb) deposi ted on a magnesium f luo r ide  window t o  cover t h e  wavelength region 115 nm 
< A ? 500 run. 
fused s i l i c a ,  provides  an extension of s e n s i t i v i t y  t o  t h e  red,  czvering t h e  range 180 nm 
< X < 850 nm. 
s c i e n t i f i c  programs ( <  .002 counts diode sec ) ,  t he  d e t e c t o r s  a r e  cooled t o  t h e  
temperature range -lOC t o  -2812 by means of a t tached heat  pipes.  

The Digicons ope ra t e  by a c c e l e r a t i n g  ( t o  20-25 K e V )  photoelectrons emit ted by t h e  
t ransmiss ive  photocathode onto a l i n e a r  a r r ay  of 512 s i l i c o n  diodes.  Figure 3.2-1 shows a 
photograph of a ( re jec t )  diode a r r a y  mounted onto its 5 c m  diameter ceramic header 
conta in ing  520 vacuum-tight e l e c t r i c a l  feedthroughs. The charge pulse  generated in  each 
diode is amplif ied and counted by one of 512 independent e l e c t r o n i c  channels ,  beginning 
with t h e  hybrid preampl i f ie rs  physical ly  colocated with each Digicon. Figures  3.2-2 and 
3.2-3 a r e  photographs of t h e  red f l i g h t  d e t e c t o r ,  showing t h e  o v e r a l l  d e t e c t o r  assembly 
and t h e  preampl i f ie rs  a t  t h e  a f t  end. 

mL L I I E  two Digicon detertor assembiies,  designated "red" and "biue",  d i f f e r  on ly  i n  t h e i r  

The photocathode of t h e  red d e t e c t o r ,  t r i a l k a l i  Na KSb(Cs) deposi ted on 

To reduce dark background ;f the-fxtremely low values  required for FOS 
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FIGURE 3.2-1. 
512-element array is about 2.5 cm long; 5 cm diameter 
header contains 520 vacuum feedthroughs. 

Digicon Array on Ceramic Header: 

FIGURE 3.2-2. Red Flight Detector: FIGURE 3 . 2 - 3 .  Detector Hybrid 
during single-string integration tests Preamplifiers : the 512 preamps fit 
at UCSD, 511 of 512 channels are operating. into back end of detector assembly; 

set consumes less than 10 watts. 
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3.3 Control.  The FOS rece ives  commands processed through t h e  ST Command and Data 
Handling (C&DH) computer which c o n t r o l s  a l l  ST S c i e n t i f i c  instrument a c t i v i t y .  I n t e r n a l  
t o  t h e  FOS i t s e l f  a r e  two microprocessor systems, one f o r  each d e t e c t o r  system. Each 
microprocessor (only one can be operat ing a t  a given time) c o n t r o l s  a l l  t h e  func t ions  
needed t o  ope ra t e  one s i d e  of t h e  FOS such a s  moving mechanisms, c o n t r o l l i n g  power 
s u p p l i e s ,  scanning t h e  photocathode w i t h  t he  diode a r r a y  by use of t h e  d e f l e c t i o n  c o i l s ,  
and accumulating sc i ence  data .  The memory for each microprocessor c o n s i s t s  of 24K by tes  
of read-only memory and 32K by tes  of random-access memory. Figure 3.3-1 d e t a i l s  t h e  
memory usage e a r l y  i n  1982 (still sub jec t  t o  minor evo lu t ion ) .  S torage  a v a i l a b l e  f o r  
science d a t a  i n t e g r a t i o n  during an observation is adequate f o r  12K 16-bit d a t a  elements,  
al lowing Considerable (bu t  f i n i t e ! )  scanning f l e x i b i l i t y  with t h e  512-element diode 
a r r ays .  (The firmware p l o t  packages have been e s s e n t i a l  f o r  t he  development and 
ground-based t e s t i n g  of t he  FOS.) 

FOS FLIGHT FIRMWARE 
MEMORY UTILIZATION 

a : fDRTH OPERATINC SYSTEM 5 2  K IVTES 3 SYTEM PARAMETERS. STACKS 
MRKSPLCES U9UISITIOM 

: FOS APPLlCATlMl I AIDS 111  e TAaLES. fTC 5 1  KEYTES 

a : OlKRlMllAWl o*F T A U E  I O  ' a : DISC TELEMETRY TA8LES. 

0 : I I T E R U T I V E  PLOT PICNA6E 23 " 
a : f I  foOMAT, PLOT. I FIX 0 7  * 

HEADER, ETC I 3  * 

210 UEYTES 5 4  UEVTES 

[I : UNUSED 3 5  KEVTES 0 : UNUSED I 1  KEYTES 

FIGURE 3.3-1. FOS Onboard Control Firmware. 

3.4 Operating modes. Because so many FOS parameters a r e  sof tware-se lec tab le  under 
ground-system commands, t h e  poss ib l e  number of observing conf igura t ions  t r u l y  is 
astronomical.  However, i n  terms of intended use ,  t h e  FOS ope ra t e s  i n  one of s i x  b a s i c  
modes: 1) t a r g e t  a c q u i s i t i o n ,  2)  spectroscopy, 3) time-resolved, 4 )  sec t ropo la r ime t ry ,  5 )  
rapid-readout , and 6) time- tagged. Each o f f e r s  t h e  observer unique advantages (and 
l i m i t a t i o n s )  f o r  s p e c i f i c  purposes. 

f i e l d  of maximum s i z e  4.3 arcseconds square using a one-dimensional d e t e c t o r ,  can be a 
n o n t r i v i a l  t ask .  The p re fe r r ed  s o l u t i o n ,  which should become t h e  usual procedure with 
inc reas ing  ST experience in  o r b i t ,  w i l l  be t o  know t a r g e t  coord ina te s  and possess ST 
point ing of  s u f f i c i e n t  accuracy t o  a l low simply commanding t h e  t e l e scope  t o  t h e  proper 
pos i t i on  t o  image t h e  o b j e c t  i n t o  the  desired FOS entrance ape r tu re .  For less  benign 
circumstances,  t h e  FOS possesses one pos i t i on  on the  f i l t e r / g r a t i n g  wheel with a mirror  
only t o  provide undispersed images on the d e t e c t o r s  a s  w e l l  a s  onboard sof tware and 
firmware a b l e  t o  determine small  o f f s e t s  necessary t o  cen te r  a t a r g e t  i n  a p a r t i c u l a r  FOS 
ape r tu re ,  provided t h a t  t he  f i e l d  is extremely simple. I f  l o c a t i n g  t h e  t a r g e t  r e q u i r e s  
a p p l i c a t i o n  of more than t h e  most rudimentary i n t e l l i g e n c e ,  t h e  onboard sof tware simply 
maps t h e  f i e l d  and depends upon the  astronomer (working with t h e  ground da ta  d i s p l a y  
system) t o  i d e n t i f y  t h e  desired t a r g e t .  The time t o  acquire  a f a i n t  t a r g e t  i n  a 
complex f i e l d  can e a s i l y  be g r e a t e r  than the  exposure time t o  ob ta in  the  spectrum; thus ,  
b l ind  o f f s e t t i n g  techniques such a s  a r e  used a t  ground-based t e l e scopes  w i l l  be d e s i r a b l e  

t h e  two ST cameras can be used t o  a s s i s t  i n  t a r g e t  a c q u i s i t i o n  f o r  t h e  FOS. 

A s  might be suspected,  acquir ing an extremely f a i n t  astronomical t a r g e t  i n  a viewing 

* fo r  increased observing e f f i c i ency .  I t  is a l s o  possible ,  though not assured,  t h a t  one of 

The most common use of t he  FOS w i l l  probably be i n  t h e  spectroscopy mode. Any one of 
t en  possible po r t ions  (Table 3.1-1) of t h e  ST image can be u s e f u l l y  observed i n  any of 
nine s p e c t r a l  regions (Table 3.1-2). Observations may be v i r t u a l l y  a s  b r i e f  a s  des i r ed  
( s h o r t e s t  snapshot is less than 50 xec )  or a s  long a s  t h e  t ime-al locat ion committee w i l l  
approve. For a t y p i c a l  observat ion,  l a s t i n g  from a few minutes t o  a few hours,  t h e  da t a  
is i n t e r n a l l y  in t eg ra t ed  in  t h e  FOS i n  software s e l e c t a b l e  i n t e r v a l s  (now planned t o  be 
one minute) between each readout t o  the ground or ST tape recorders .  The f r equen t  
readouts  r e s u l t  i n  n e g l i g i b l e  l o s s  of observing e f f i c i e n c y  and p r o t e c t  a g a i n s t  
c a t a s t r o p h i c  l o s s e s  of data .  

t h e  50 msec t o  100 second range. In  t h i s  mode, t h e  da t a  is s t o r e d  i n  s e p a r a t e  memory 
The time-resolved mode w i l l  be used t o  s tudy  o b j e c t s  with known p e r i o d i c i t y  i n  about 
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l o c a t i o n s  (sl ices) corresponding t o  phase,  with fou r  t o  t e n  samples per  f u l l  per iod being 
t y p i c a l .  I n t e r r u p t i o n s  of d a t a  a c q u i s i t i o n  t o  read o u t  each frame of d a t a  a r e  se t  by 
commands t o  l a s t  an i n t e g r a l  number of pe r iods  so t h a t  each frame of an observa t ion  has  
t h e  same correspondence between phase and s l ice  (so long a s  t h e  per iod is c o r r e c t l y  
known!). Thus, a l l  information should be contained i n  t h e  l a s t  frame. F i n a l l y ,  t h e r e  
e x i s t  synchronous and asynchronous submodes; t h e s e  d i f f e r  on ly  a s  t o  whether o r  no t  t h e  
i n i t i a l  phase angle is e x p l i c i t y  locked t o  t h e  sou rce  a t  t h e  s t a r t  of t h e  observa t ion  (by 
commanding t h e  s t a r t  t o  occur a t  a s p e c i f i e d  Universal  T i m e ) .  

The technique  used f o r  spec t ropolar imet ry  i n  t h e  FOS is very  s i m i l a r  t o  t h a t  developed 
f o r  ground-based instruments.  A p o l a r i z i n g  prism of doubly r e f r a c t i v e  m a t e r i a l  is 
introduced i n t o  the spectrophotometer ,  so a s  t o  form twin d i s p e r s e d  images of t h e  s l i t  i n  
o p p o s i t e  s e n s e s  of p o l a r i z a t i o n  a t  t h e  d e t e c t o r .  This  ana lyze r  is used a t  a f i xed  
p o s i t i o n ,  and a waveplate is introduced ahead of i t  which is tu rned  i n  22.5' i n t e r v a l s  t o  
analyze f o r  l i n e a r  and c i r c u l a r  p o l a r i z a t i o n .  In t h i s  way t h e  p o l a r i z a t i o n  e f f e c t s  i n  t h e  
d i s p e r s i n g  o p t i c s  following t h e  analyzing prism a r e  of no consequence, and have no e f f e c t  
on t h e  accuracy of t h e  measurement. Two s e p a r a t e  waveplates of d i f f e r i n g  r e t a r d a t i o n  a r e  
included i n  o rde r  t o  a l low measurement of l i n e a r  and c i r c u l a r  p o l a r i z a t i o n  throughout t h e  
u l t r a v i o l e t  region. ( I t  t u r n s  o u t  t h a t  t h i s  a l lows v i s i b l e - l i g h t  o p e r a t i o n  a l s o . )  Any 
s p e c t r a l  mode may be used with e i t h e r  p o l a r i z e r  waveplate. 

There a r e  c e r t a i n  ast ronomical  t a r g e t s  where r ap id  t i m e  v a r i a b i l i t y  is suspected,  b u t  
t h e  p r e c i s e  period of v a r i a b i l i t y  is unknown, o r  a p e r i o d i c  r ap id  v a r i a b i i t y  is expected. 
Time-resolved mode is unsu i t ab le  f o r  t h e s e  obse rva t ions ,  a s  t h e  b i n  fo ld ing  per iod must be 
p r e s e t  i n  t h a t  mode. In s t ead ,  normal FOS d a t a  t ak ing  is used, bu t  t h e  s p e c t r a  a r e  read 
o u t  a t  ve ry  frequent  i n t e r v a l s ,  r a t h e r  than t h e  approximately 60-sec i n t e g r a t i o n  times w e  
a n t i c i p a t e  f o r  normal FOS data- taking.  The frequency of readout is aga in  se t  by t h e  
obse rve r ' s  requirements,  bu t  t h e  s h o r t e s t  poss ib l e  i n t e g r a t i o n  times a r e  l i m i t e d  by 
v a r i o u s  processor  overheads. We expect 20 m s  is a reasonable  e s t i m a t e  of t h e  s h o r t e s t  
i n t e g r a t i o n s  ( t h e  exact  minimum overheads a r e  complex because t h e  p o s s i b i l i t y  e x i s t s  t o  
take ' sho r t  s p e c t r a " ,  ignoring some of t h e  512 d i o d e s ) .  Th i s  rapid-readout c a p a b i l i t y  
obviously r e q u i r e s  t h e  1 MHz downlink from ST through TDRSS t o  t h e  ground ( o r  s t o r a g e  on to  
magnetic t a p e  within ST). 

The time-tagged mode, probably t o  be t h e  l e a s t  used FOS mode, w i l l  a l low s t u d y  of t h e  
most r ap id  v a r i a b i l i t y  p o s s i b l e  using t h e  FOS. P e r i o d i c  or a p e r i o d i c  v a r i a b i l i t y  on 
t imesca le s  i n  t h e  range of about 10 microsec t o  50 msec a r e  w e l l  s u i t e d  t o  time-tagged 
study. In time-tagged mode, each of t h e  FOS accumulators coun t s  t h e  1.024 MHz s p a c e c r a f t  
c lock r a t h e r  than sensor counts.  when t h e  f i r s t  photon a r r i v e s  i n  a given channel ,  t h i s  
counting f r e e z e s  and f u r t h e r  coun t s  a r e  i n h i b i t e d  i n  t h a t  channel.  To be of va lue ,  
time-tagged mode data must normally be read o u t  a t  high r a t e s ,  e.g., t h e  1 MHz t e l e m e t r y  
r a t e s ,  and w i l l  produce a very high d a t a  r a t e  du r ing  its r a r e  usages ( e s t ima ted  2%-5% of  
FOS observing t ime) .  Note t h a t  t h i s  produces f a r  more than 2%-5% of FOS d a t a ,  however; i t  
may ( i n  competit ion with rapid-readout mode) produce a m a j o r i t y  of FOS d a t a  t o  be reduced. 
The d a t a  o u t p u t s  a re  each unsigned i n t e g e r s  between 0 and 65,535. The selected 
accumulation time, for reasonable  d a t a ,  must be long enough t o  a l low proper f l i g h t  
so f tware  o p e r a t i o n ,  bu t  be l e s s  than t h e  clock overf low pe r iod ,  r e s u l t i n g  i n  a range of 
allowed p e r i o d s  from about 10 msec t o  64 msec. The d a t a  obtained i n  t h i s  mdoe w i l l  be 
s i m i l a r  i n  format t o  t h a t  obtained by many X-ray experiments.  

3.5 Schedule. The FOS was s e l e c t e d  t o  be a f i r s t - g e n e r a t i o n  instrument  aboard ST i n  
November 1977, and w i l l  be de l ive red  t o  NASA i n  Apr i l  1983 t o  suppor t  t h e  planned e a r l y  
1985 launch d a t e  for ST. A t  t h e  time t h i s  paper is being w r i t t e n  (June 1982) ,  t h e  design 
of t h e  FOS and t h e  f a b r i c a t i o n  of a l l  f l i g h t  hardware components has  been completed. 
Assembly of t h e  instrument is underway (Figures  3.5-1 t o  3.5-71, with alignment and 
acceptance t e s t s  soon t o  follow. Measurements of t h e  f l i g h t  components have been 
completed, allowing r e a l i s t i c  p r e d i c t i o n  of t h e  performance t o  be expected of t h e  FOS i n  
the  ST. 

FIGURE 3.5-1. Optics/Detector Compartment during assembly. 
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FIGURE 3.5-2. FOS Structure being 
assembled in its transport frame. 

FIGURE 3.5-3. FOS High Voltage Power 
Supply partially assembled early 1982. 

FIGURE 3 . 5 - 4 .  Electronics Bench 
during assembly. 
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FIGURE 3.5-5,  FilterIGrating Wheel 
being assembled onto optical bench. 

CEIGINAL' FA-CZ 
BLACK AND WHITE PEGTOGRAPH 

FIGURE 3.5-6. Flight Harness 
installation, optics bay below, 
electronics shelf foreground. 

FIGURE 3.5-7. Polarizer and Entrance 
Port Mechanisms assembled into the FOS. 
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4.0 Performance 

Knowledge of expected performance parameters for the FOS in ST which should prove 
valuable for planning observing programs are presented in this section. As will be 
evident, the FOS promises to be a flexible instrument applicable to observations over a 
wide range of luminosities, including especially faint objects as its name suggests. 

4.1 Noise. 
instrumental 
distribution 
discriminator 

In order to achieve faint limiting magnitudes, extreme reduction of 
background noise sources is essential. The favorable pulse-height- 
of the Digicons makes false counts due to random analog signals exceeding the 
threshold very rare (approximately one such false count per Hubble time 

constant). The noise sources which can be significant to the FOS are: 1) straylight, 2) 
fluorescence and phosphorescence due to energetic particle bombardment, 3) thermionic 
emission, and 4) electromagnetic interference. 

The ST itself includes many safeguards against straylight--sun shield, baffles, and 
high quality optics. The FOS apertures limit incoming light, filters block unwanted 
short-wavelength photons , while internal baffling must suffice to control other 
straylight. Unfortunately, no measurements of straylight performance are yet possible, 
and predictions of straylight performance are not to be trusted (in this author's 
opinion). Of course, we intend and expect that for most observations straylight will not 
be a limiting factor. One likely exception can already be identified. Because the FOS is 
a single-pass spectrometer with broad wavelength sensitivity, ultraviolet spectra of very 
red objects may suffer strong red straylight contamination. Fortunately, for such 
observations, the High Resolution Spectrograph can be used. 

The sapphire prism and the windowed detectors each contribute unwanted counts due to 
fluorescence and phosphorescence under energetic-particle bombardment such as will be seen 
in orbit. Due to this concern, we have measured the light-producing properties of the 
materials used to manufacture the FOS. Major lot-to-lot variations occur, so the measured 
samples should come from adjacent parts of the same boule if the actual flight article 
cannot be tested. In addition to the trapped-particle radiation, decay from materials- 
which become radioactive under such bombardment must also be considered (primarily if it 
is part of the detector assembly). The sapphire prism light emission is acceptable (both 
particles and ultraviolet light produce fluorescence) because it is distant enough from 
the detectors that the direct illumination of the Digicons is small, and it is 

, sufficiently defocused that light transmitted by the optical train is small also. The 
prism should never produce detectable levels of diffuse straylight background. The 
detectors are another matter. Fluorescence from the windows would be the major (and 
unacceptable) source of instrumental background if not suppressed. We use the 512-element 
diode array as self-anticoincidence detectors, relying on the circumstance that such 
fluorescence produces a simultaneous (by FOS timescales) burst of photoelectrons. Such 
bursts can be eliminated by eilabliag a software-selectable threshold which rejects any 
frame of data in which the sum of counts over a selected set (generally, all operational) 
of channels exceeds the software limit. With this burst noise rejection scheme operating, 
we expect fluorescence to contribute less than 0.001 count/diode/sec outside the South 
Atlantic Anomaly (SAA). Inside the SAA, such noise may be much greater, and it may not be 
possible to observe at all (the software may eliminate all data if noise bursts occur too 
frequently) . 

The dominant instrumental noise is expected to be the thermionic photocathode emission 
from each Digicon. During ST operation, the photocathode temperatures are calculated to 
lie between -1OC and - 2 8 C .  At the warm end of this range, the red Digicon noise has been 
measured to lie between 0.001 and 0.002 counts/diode/sec. At -1OC, the blue detector 
background is about 0.0005 counts/diode/sec. 

Electromagnetic disturbances, if severe enough, can cause the FOS electronics to 
produce spurious counts. All the ST instruments including the FOS incorporate normal good 
engineering practice -- single-point grounds to eliminate ground loops, shielding from 
conducted and radiated electrical fields, etc. -- and, of course, each instrument's 
production of electromagnetic interference is controlled. Additional protection for the 
FOS is provided by the burst-noise rejection scheme discussed above. Still, such sources 
of noise can only be eliminated with certainty at the ST integration level by thorough 
testing . 

Thus, all instrumental background noise sources are expected to be less than our goal 
of 0.002 counts/diode/sec (outside the SAA).. 

4.2 Dynamic range. The minimum detectable source levels are set by instrumental 
background, while the maximum accurately measurable source levels are determined by the 
response times of the FOS electronics. Figure 4.2-1 compares the detected (apparent) rate 
to the true input rate for a typical channel of the FOS. The true rate can be derived 
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from t h e  apparfjnt r a t e  up t o  a t  l e a s t  a t r u e  r a t e  of 5 x l o 4  coun t s / channe l / sec  (aqd ,  
pe rhaps ,  t o  10 counts /d iode /sec) .  T h i s  enormous dynamic range ,  a t  l e a s t  2.5 x 10  , means 
t h a t  s o u r c e s  ove r  a range of 18 magnitudes i n  appa ren t  l u m i n o s i t y  can  be observed wi th  t h e  
FOS. (However, t he  a c c e s s i b l e  magnitude ranges  a r e  reduced by non- f l a tnes s  of t h e  
spec t rum,  of course.)  m 

F y n  GJ-16 

R "s w 
UCSD FOS SINGLE STRING RED DETECTOR 

a 0 P m s o  roa ~ 0 Z t D 2 u ? m s a a m m m m  
T I E  RATE II I 10' c / s  

FIGURE 4.2-1. Measured versus true rates, 
4.3 Ins t rumen t  p r o f i l e .  The a b i l i t y  t o  r e s o l v e  c l o s e l y  spaced s p e c t r a l  f e a t u r e s  is 

r e l a t e d  t o  t h e  ins t rument  r e s p o n s e - p r o f i l e  ( t o  monochromatic i n p u t )  a t  sma l l  s e p a r a t i o n s  
( t h e  p e a k ) ,  wh i l e  t h e  a b i l i t y  t o  d e t e c t  weak s p e c t r a l  f e a t u r e s  is l i m i t e d  by t h e  long 
d i s t a n c e  response  p r o f i l e  ( t h e  wings) .  The peak of t h e  response  p r o f i l e  is dominated by 
t h e  nearly-50u width o f  t h e  Digicon d i o d e s  a long  t h e  d i s p e r s i o n  d i r e c t i o n .  The wings of 
t h e  p r o f i l e  r e s u l t  p r i m a r i l y  from s c a t t e r e d  l i g h t  due  t o  t h e  d i s p e r s e r s .  A t y p i c a l  
response  p r o f i l e ,  measured wi th  a SOP e x i t  s l i t  for one of  t h e  f l i g h t  g r a t i n g s ,  is 
p resen ted  i n  F i a u r e  4.3-1. The r e s u l t s  f u l l y  meet o u t  d e s i r e s ,  w i t h  f a r - f i e l d  s c a t t e r e d  
l i g h t  below 10 times t h e  peak ampl i tude .  One s t i l l  remaining u n c e r t a i n t y  is t h a t  w e  
have n o t  y e t  been a b l e  t o  measure t h e  p r o f i l e s  of t h e  most u l t r a v i o l e t  g r a t i n g s ,  whose 
s c a t t e r i n g  p r o p e r t i e s  may be worse. 
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GRATING 004-01 . 4358 ANGSTROMS : 
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FIGURE 4.3-1. Upper figure displays 
peak scattered light profile of FOS 
flight grating; lower figure shows 
wings of profile. Measurement 
used 50 micron exit slit to match 
Digicon diode size. 
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4.4 Efficiencies. The total sensitivity of the spectrograph is strongly dependent 
upon the performance of the three least-efficient components in the optical train: 1) the 
dispersers, 2) the detectors, and 3) the polarizer. 

Figures 4.4-1 and 4.4-2 display the fraction of incoming unpolarized light which is 
directed to the first-order focused spectrum by the moderate-and low-resolution 
dispersers. The high efficiency of the prism was expected. However, Hyperfine Inc. 
exceeded even our optimistic expectations in ruling the FOS flight gratings. With peak 
efficiencies over 50% in the ultraviolet and reaching 75% in the red, these concave 
gratings are the best produced of which we are aware. Figure 4.4-3 simply illustrates 
that the grating efficiency is not a strong function of the polarization of the incoming 
light. 

w.u I 
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FIGURE 4.4-1. First-order efficiencies of 
FOS flight moderate-resolution gratings. 
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FIGURE 4.4-2. Efficiencies of FOS flight 
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The response  of t h e  d e t e c t o r s  has  a l s o  been h i g h l y  g r a t i f y i n g  t o  us.  The Dig icons ,  
produced by E l e c t r o n i c  Vis ion  Systems Div i s ion  of Sc ience  A p p l i c a t i o n s  I n c o r p o r a t e d ,  n o t  
o n l y  meet t h e  s t r i n g e n t  background n o i s e  requi rements  d i s c u s s e d  i n  S e c t i o n  4 . 1 ,  b u t  
provide  h igh  quantum e f f i c i e n c y  coverage  from t h e  magnesium-fluoride c u t o f f  i n  t h e  
u l t r a v i o l e t  t o  t he  red photocathode dropoff  i n  t h e  n e a r - i n f r a r e d .  F igu re  4 . 4 - 4  shows t h e  
quantum e f f i c i e n c i e s  of t h e  two f l i g h t  d e t e c t o r s .  Peak e f f i c i e n c y  of  t h e  b lue  Digicon is 
j u s t  under 20%, of t h e  red Digicon about  2 5 % .  

Flight Tube Quantum Efficiency 

I 

QE, 
% 

10 

1 

100 300 500 700 900 
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FIGURE 4 . 4 - 4 .  Quantum efficiencies of the two FOS flight 
detectors. Both produce under 0.002 countsldiodelsec 
noise at -lOC. 

The s e n s i t i v i t y  of t h e  p o l a r i z e r  depends both upon its throughput  e f f i c i e n c y  and i t s  
modulat ion e f f i c i e n c y  ( r e f e r  t o  Angel and Al l en ,  1982 f o r  a d e t a i l e d  d i s c u s s i o n  of  t h e  FOS 
p o l a r i z e r ) .  The t ransmiss ion  e f f i c i e n c y  of t h e  complete  p o l a r i z e r  r i s e s  from about  20% a t  z 

Lymana t o  around 60% a t  1 6 0  nm, and thence  r i ses  more s lowly  t o  j u s t  over  80% a t  2 4 0  nm. 
Because,  a t  any given time, t h e  d e t e c t o r  can observe  o n l y  one of  t h e  two s p e c t r a  produced 
by t h e  p o l a r i z e r ,  another  f a c t o r  of  two l o s s  i n  p r a c t i c a l  th roughput  occur s .  F i n a l l y ,  
Tab le  4 . 4 - 1  lists t h e  modulat ion e f f i c i e n c i e s  f o r  each  of t h e  two wavepla tes .  Note t h a t  
t h e  p o l a r i z e r  is s e n s i t i v e  t o  both  l i n e a r  and c i r c u l a r  p o l a r i z a t i o n  ove r  n e a r l y  th'e 
e n t i r e  wavelength range of  t h e  FOS. 
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TABLE 4.4-1 
Retarda.t ions of t h e  F l i g h t  Waveplates 

Waveplate A Waveplate B 

l i n e a r  c i r cu lar  1 inea r  c i r cu la  r 
6 Efficiency 6 Eff ic iency  a(% 

1175 
1200 
1216 
1250 
1300 
1350 
1400 
1450 .. 1500 
1600 
2537 
3650 . 6328 

-108' .65 

215 .91 

48 2' .76 

468' .65 
439O .85 
251' .66 
163' .98 

100: .59 

360' 0 
460' .59 

485O .79 
480' .75 

95O .54 

.95 

.98 

.57 
0 
.98 
.85 
.82  
.97 
.95 
.98 
.94 
.29 
.99 

-93O . 53  
O 0  0 

goo .so  
151O .97 

241' .74 

226O .85 
123' .77 
84' .45  

228' .83 
247' .70 
250' .67 

238' .76 

4 3O .13 

1.00 
0 
1.00 

.33 

.74 

.92 

.94 

.87 

.85 

.72 

.85 

.99 

.68 

4.5 System performance. We can combine t h e  measured performance parameters j u s t  
i iscussed with t h e  a n t i c i p a t e d  p rope r t i e s  of t h e  ST t o  c a l c u l a t e  t h e  expected on-orbi t  
: a p a b i l i t y  of t h e  ST p l u s  FOS. To indicate  t h e  system response,  w e  cons ide r  observa t ions  
s i n g  t h e  quarter-arcsecond aperture .  Figure 4.5-1 then i l l u s t r a t e s  t h e  system 
s e n s i t i v i t y  funct ion versus  wavelength f o r  spec t roscopic  and s p e c t r o p o l a r i m e t r i c  
,bservations.  For moderate- and low-resolution spectroscopy, Figures 4.5-2 and 4.5-3 
:onvert t h i s  i n t o  a conservat ive measure of l i m i t i n g  V magnitudes f o r  a v a r i e t y  of  
astronomically r e l evan t  f l u x  d i s t r i b u t i o n s .  I t  is encouraging t h a t  acceptable  q u a l i t y  
( s igna l /no i se  = 5) s p e c t r a  can be obtained i n  only one hour of i n t e g r a t i o n  down t o  about 
22nd magnitude a t  r e so lu t ion  R = 1200, down t o  about 24th magnitude a t  R = 200, and (wi th  
:he prism) down t o  nea r ly  26th magnitude (low and nonuniform r e s o l u t i o n ) .  Nor a r e  t h e s e  
t r u l y  l i m i t i n g ;  he ro ic  observat ions can go 1.75 magnitudes f a i n t e r  before  instrumental  
i o i s e  dominates t h e  s i g n a l .  A s i g n i f i c a n t  except ion t o  t h i s  is i n  t h e  low-resolution 
node. For t h e  cases  depicted in  Figure 4.5-3, sky background is a l r eady  s i g n i f i c a n t  using 
the prism a t  400 t o  500 MI. Of course,  use of t h e  0 .1  arcsecond a p e r t u r e  when p o s s i b l e  
d i l l  reduce sky l e v e l s  another two magnitudes. (Sky b r igh tness  is not  a problem i n  t h e  
noderate-dispersion mode.) 

accu rac i e s  i n  10 nm bandpasses for a 15th magnitude A 0  s t a r  f o r  u l t r a v i o l e t  polar imetry i n  
B 20 minute exposure. 

The p o l a r i z e r  goes less  deep, of course. Table 4.5-1 t a b u l a t e s  t h e  achievable  

I 
TABLE 4.5-1 

P o l a r i z a t i o n  Accuracy f o r  A0 S t a r ,  V=15, Exposure T i m e  = 20 Minutes 

% Accuracy  or 
Linear* Circular** 

(8) 

1216 6 .4  
1500 1.9 
2000 0.89 
2500 0.66 
3000 0.63 

5.8 
1.5 
0.74 
0.54 
0.58 

* Standard deviat ion in  Stokes parameter r a t i o s  Q/I and U / I  
** Standard deviat ion i n  Stokes parameter V 
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COMBINED FOS AND TELESCOPE SWSITIVllY 

28- 

t 1 

LOW RESOLUTION LIMITING MAGNITUDES 
for S / N 4  in One Hour 

c-- Red Grating - I-&& -t P Prism 1 

1 0  i 

22 

Y 0 - .- 
c 0 

r" 
20 

sg.clmrc00): R-lW 

wutmsww, R - 1 8  

wlairwtry. R - 1 8  

100 200300400500600 7 0 0 8 0 0 9 0 0  

WAVELENGTH (nm) 

- 

- 

FIGURE 4.5-1. FOS + ST Sensitivity using the quarter arcsecond diameter entrance aperture 
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FIGURE 4.5-2. Limiting V Magnitudes for 
several flux distributions which produce FIGURE 4.5-3. Limiting V magnitudes 
0.01 counts/sec/diode for moderate-resolution for low resolution FOS spectroscopy 
FOS spectroscopy (Ru1200). With quarter- (R=200 for gratings, R strongly varying 
,arcsecond aperture, night sky is negligible. for prism). With quarter-arcsecond 

aperture, sky is si ificant only with 

for observing 25-26 magnitude objects). 
the prism between 4 r 0 and 500 nm (e.g. 
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The H igh  R e s o l u t i o n  Spec t rog raph  f o r  t h e  Space Telescope 

John C. B r a n d t  

L a b o r a t o r y  f o r  Astronomy and S o l a r  P h y s i c s  
NASA-Goddard Space F l i g h t  Center 

Greenbe l t ,  Mary land  20771 

and t h e  

HRS I n v e s t i g a t i o n  D e f i n i t i o n *  and Exper iment  Development** Teams 

A b s t r a c t  

The H igh  R e s o l u t i o n  Spec t rog raph  (HRS) i n  c o n j u n c t i o n  w i t h  t h e  Space Telescope ( S T ) ,  
w i l l  e x t e n d  u l t r a v i o l e t  a s t r o n o m i c a l  spec t roscopy  t o  h i g h e r  s p e c t r a l ,  s p a t i a l ,  and t i m e  
r e s o l u t i o n s  t h a n  p r e v i o u s l y  ach ieved,  as w e l l  as t o  f a i n t e r  and more d i s t a n t  c e l e s t i a l  
o b j e c t s .  Other  s i g n i f i c a n t  advances i n h e r e n t  i n  t h e  i n s t r u m e n t  a r e  h i g h  p h o t o m e t r i c  
accuracy  and e f f i c i e n t  o p e r a t i o n  v i a  exposure meter  c o n t r o l  and r e a l - t i m e  r e j e c t i o n  o f  
bad da ta .  These c a p a b i l i t i e s  a r e  p r o v i d e d  t o  accomp l i sh  t h e  s c i e n t i f i c  programs o f  t h e  
HRS I n v e s t i g a t i o n  D e f i n i t i o n  Team, which concern  t h e  i n t e r s t e l l a r  medium, s t e l l a r  w inds  
and e v o l u t i o n a r y  aspec ts  o f  s t e l l a r  atmosphere s t u d i e s ,  t h e  d e t e r m i n a t i o n  o f  c h e m i c a l  
abundances r e l e v a n t  t o  s t e l l a r  e v o l u t i o n ,  t h e  i n v e s t i g a t i o n  o f  quasars  and S e y f e r t  g a l a x y  
n u c l e i ,  and t h e  a n a l y s i s  o f  t h e  atmospheres o f  s o l a r  system o b j e c t s ,  i n c l u d i n g  comets. 
The HRS w i l l  doub t less  c o n t r i b u t e  t o  many o t h e r  t y p e s  o f  s c i e n t i f i c  programs as w e l l .  

I. I n t r o d u c t i o n :  i n s t r u m e n t  c a p a b i l i t i e s  

The HRS fo r  t h e  ST has  been des igned t o  f a c i l i t a t e  c e r t a i n  i n v e s t i g a t i o n s  i n  
u l t r a v i o l e t  astronomy t h a t  r e q u i r e  i n s t r u m e n t a l  c a p a b i l i t i e s  beyond those  a v a i l a b l e  i n  
p r e v i o u s  s p a c e c r a f t  such as  t h e  I n t e r n a t i o n a l  U l t r a v i o l e t  E x p l o r e r  ( IUE)  and Copern icus  
(OAO-3). The s c i e n t i f i c  o b j e c t i v e s  a r e  d i scussed  i n  S e c t i o n  11. 

S p e c t r a l  r e s o l u t i o n  

20,000, and 2,000. They a r e  r e f e r r e d  t o  h e r e  as t h e  "h igh , "  "medium," and l o w "  
r e s o l u t i o n  modes, r e s p e c t i v e l y .  The HRS h i g h  r e s o l u t i o n  mode p r o v i d e s  s p e c t r a l  
r e s o l u t i o n  comparable t o  t h a t  o f  t h e  coud6 spec t rog raphs  on l a r g e  ground-based t e l e s c o p e s  
and exceeds t h e  r e s o l u t i o n  o f  p r e v i o u s  u l t r a v i o l e t  o b s e r v a t o r y  i n s t r u m e n t s .  An 
i l l u s t r a t i o n  o f  the s c i e n c e  r e q u i r e m e n t  f o r  t h e  h i g h  s p e c t r a l  r e s o l u t i o n  mode i s  g i v e n  i n  
Appendix A. The medium r e s o l u t i o n  mode p r o v i d e s  t h e  same s p e c t r a l  r e s o l u t i o n  as t h e  

spec t rog raphs .  The HRS l o w  r e s o l u t i o n  mode, w i t h i n  i t s  l i m i t e d  wave length  range,  
p r o v i d e s  about  t e n  t imes h i g h e r  r e s o l u t i o n  t h a n  t h e  l o w  d i s p e r s i o n  IUE spec t rog raphs .  

S p e c t r a l  ranqe 

The S T  i t s e l f  i s  not  p r o v i d e d  w i t h  L i F - c o a t e d  o p t i c s  and t h u s  t h e  HRS has n o t  been 
des igned  t o  obse rve  as f a r  i n t o  t h e  u l t r a v i o l e t  as OAO-3. However, o b s e r v a t i o n s  down t o  
1100 A and perhaps  somewhat s h o r t e r  wave lengths  a r e  f e a s i b l e ,  so  t h a t  ( f o r  example) i t  
w i l l  be p o s s i b l e  t o  observe  t h e  1108 A 0-0 Lyman band t r a n s i t i o n  o f  m o l e c u l a r  hydrogen. 
The nomina l  s p e c t r a l  range o f  t h e  HRS ex tends  up t o  about  3200 A i n  t h e  h i g h  and medium 
r e s o l u t i o n  modes; the l o w  r e s o l u t i o n  mode i s  o p e r a t i v e  up t o  about  1700 A. 

The HRS has t h r e e  s p e c t r a l  r e s o l u t i o n  modes, c h a r a c t e r i z e d  by R = 2 / 6 A =  100,000, 

OAO-3 U1 channe l  and s l i g h t l y  e5ceeds t h e  r e s o l u t i o n  o f  t h e  IUE h i g h  d i s p e r s i o n  a 

*J.C. B rand t ,  A. Boggess, S.R. Heap, S.P. Maran, A.M. Smi th  (NASA-Goddard Space F l i g h t  
C e n t e r ) ;  E.A. Beaver ( U n i v e r s i t y  o f  C a l i f o r n i a ,  San D iego) ;  J.B. Hu tch ings  (Dominion 
A s t r o p h y s i c a l  Observa tory )  ; M.A. Ju ra  ( U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Ange les)  ; 
J.L. L i n s k y  ( J o i n t  I n s t i t u t e  f o r  L a b o r a t o r y  A s t r o p h y s i c s ) ;  B.D. Savage ( U n i v e r s i t y  o f  
W iscons in ) ;  L.M. T r a f t o n  ( U n i v e r s i t y  o f  Texas a t  A u s t i n ) ;  R.J .  Weymann ( U n i v e r s i t y  o f  
A r i z o n a ) .  
**R. Me lcher ,  F. Rebar, H.O. V i t a g l i a n o ,  J. Shannon, V .  Krueger,  J. Yagelowich, 
E. Devine, K .  F l e m i n g ,  W. Fowler ,  J.K. K a l i n o w s k i  (NASA-Goddard Space F l i g h t  Cen te r ) ;  
G .  Yurka, W .  Meyer, J. C h o d i l ,  I. Becker,  M. Bottema, H. Eck, T. K e l l y ,  S.  Koby, 
H. Garner,  J. Kinsey, V .  West ( B a l l  Aerospace Systems D i v i s i o n ) ;  0. E b b e t t s  ( U n i v e r s i t y  
o f  Wiscons in )  ; D. J. L i n d l e r  ( A n d r u l i s  Research C o r p o r a t i o n ) ;  R.E. S t e n c e l  (NASA 
Headquar te rs )  ; F.M. Wal ter  ( J o i n t  I n s t i t u t e  f o r  L a b o r a t o r y  A s t r o p h y s i c s ) .  

76 



S p a t i a l  r e s o l u t i o n  

The HRS i s  equipped w i t h  two e n t r a n c e  a p e r t u r e s  t h a t  de te rm ine  i t s  c a p a b i l i t y  t o  
i s o l a t e  a t a r g e t  s t a r  o r  a p o r t i o n  o f  an ex tended source .  They a r e  r e s p e c t i v e l y  2 a r c  
sec and 0.25 a r c  sec square.  The l a r g e r  s l i t  w i l l  be used n o r m a l l y  i n  t a r g e t  
a c q u i s i t i o n ,  however e i t h e r  s l i t  may be used f o r  t a r g e t  a c q u i s i t i o n  o r  fo r  spec t roscopy .  
( I n  o r d e r  t o  o b t a i n  t h e  f u l l  c a p a b i l i t y  of  t h e  h i g h  r e s o l u t i o n  mode, t h e  s m a l l  s l i t  w i l l  
be used t o  r e j e c t  l i g h t  i n  t h e  wings o f  t h e  ST p o i n t  sp read  f u n c t i o n . )  For  compar i s ion ,  
t h e  IUE l a r g e  and s m a l l  e n t r a n c e  a p e r t u r e s  a r e  a p p r o x i m a t e l y  10  x 20 a r c  sec ( o v a l )  and 3 
a r c  sec ( c i r c u l a r ) ,  r e s p e c t i v e l y .  

Time r e s o l u t i o n  

over  o b s e r v e r - s e l e c t a b l e  i n t e r v a l s  (exposure  t i m e s ) ,  wh ich  may be s p e c i f i e d  as i n t e g e r  
m u l t i p l e s  o f  200 ms ( a c c u m u l a t i o n  mode); ( 2 )  by g e n e r a t i n g  i n d i v i d u a l  s p e c t r a  a t  r a p i d  
i n t e r v a l s ,  which a r e  i n t e g e r  m u l t i p l e s  o f  50 ms ( d i r e c t  mode). The t i m e  r e s o l u t i o n  i n  
t h e  accumu la t i on  mode i s  t h e  exposure t ime, which may be as s h o r t  as 200 ms. The t i m e  
r e s o l u t i o n  i n  d i r e c t  mode is  t h e  i n t e r v a l  l e n g t h ,  wh ich  may be as s h o r t  as 50 ms. The 
d u r a t i o n  o f  an o b s e r v a t i o n  i n  d i r e c t  mode, due t o  t h e  h i g h  d a t a  r a t e ,  i s  l i m i t e d  by 
a v a i l a b l e  c a p a c i t y  o f  t h e  ST t a p e  reco rde r ,  o r  by t h e  d u r a t i o n  o f  a r e a l - t i m e  l i n k  t o  t h e  
ground. 

P h o t o m e t r i c  accuracy  

p h o t o m e t r i c  accuracy  o f  1% i n  o r d e r  t o  enable t h e  d e t e c t i o n  o f  weak s p e c t r a l  l i n e s .  The 
dynamic range w i l l  be a t  l e a s t  107. 
p r o v i d e d  for each d i o d e  i n  t h e  512-channel D i g i c o n  d e t e c t o r s ,  and t h e  t h r e s h h o l d s  o f  each 
p r e a m p l i f i e r  a re  s e p a r a t e l y  commandable. I n  t h e  a c c u m u l a t i o n  mode, HRS f l i g h t  s o f t w a r e  
c y c l i c a l l y  subs teps  t h e  e l e c t r o n  image on t h e  d i o d e  a r r a y  ( a c c o r d i n g  t o  an o b s e r v e r -  
chosen p a t t e r n )  d u r i n g  a s p e c t r a l  exposure i n  o r d e r  t o  compensate f o r  t h e  gaps between 
d iodes ,  t o  o b t a i n  t h e  f u l l  s p e c t r a l  r e s o l u t i o n  o f  t h e  spec t rog raph ,  t o  smooth o u t  t h e  
p i x e l - t o - p i x e l  response, and t o  a c q u i r e  needed background ( s c a t t e r e d  l i g h t )  data.  A t  
i n t e r v a l s  d u r i n g  t h i s  p rocess ,  t h e  e l e c t r o n  image i s  s h i f t e d  a l o n g  t h e  a r r a y  by an 
i n t e g e r  number o f  d iodes ;  t h u s  photons  a t  a g i v e n  wave length  a r e  counted  w i t h  more t h a n  
one d i o d e  a l t e r n a t e l y  d u r i n g  t h e  exposure. T h i s  i n s u r e s  t h a t  gaps do n o t  occu r  i n  t h e  
measured spectrum due t o  t h e  unavo idab le  p resence o f  a few bad d iodes .  A comb-add i t i on  
program accumula tes  t h e  d a t a  i n  t h e  proper  wave length  b i n s .  P e r i o d i c  c a l i b r a t i o n  o f  t h e  
HRS on s t a n d a r d  s t a r s  i s  r e q u i r e d  t o  suppor t  s p e c t r o p h o t o m e t r i c  o b s e r v a t i o n s .  

The HRS produces  s p e c t r o s c o p i c  d a t a  i n  two ways: ( 1 )  by onboard c o a d d i t i o n  o f  s p e c t r a  

The HRS, p r o v i d e d  w i t h  p u l s e - c o u n t i n g  d e t e c t o r s ,  i s  i n t e n d e d  t o  ach ieve  a r e l a t i v e  

Separate p r e a m p l i f i e r s  and p o s t a m p l i f i e r s  a r e  

S e n s i t i v i t y  

The h i g h  s e n s i t i v i t y  of  t h e  HRS r e s u l t s  from t h e  s u b s t a n t i a l  ST c o l l e c t i n g  area,  t h e  
o p t i c a l  d e s i g n  of  t h e  spec t rog raph ,  and t h e  p r o p e r t i e s  o f  t h e  p u l s e - c o u n t i n g  d e t e c t o r s .  
The response o f  t h e  HRS i s  summarized i n  F i g u r e  1. To t r a n s l a t e  t h e  ST-HRS system 
per fo rmance i n t o  as t ronomers '  terms, see Appendix 8, where t h e  nomina l  o p e r a t i n g  range  o f  
t h e  HRS i s  d e p i c t e d  f o r  s e v e r a l  t y p e s  o f  s t a r s .  To m i n i m i z e  t h e  e f f e c t s  o f  s c a t t e r e d  
l i g h t ,  n o t a b l y  from p h o t o s p h e r i c  r a d i a t i o n  i n  c o o l  s t a r s  or  s t e l l a r  systems with b r i g h t ,  
c o o l  components, t h e  two HRS d e t e c t o r s  a r e  s o l a r  b l i n d .  T h i s  i s  e s p e c i a l l y  t r u e  o f  t h e  
CsI -photocathode O ig i con ,  which i s  p r o v i d e d  w i t h  a L i F  window; t h i s  d e t e c t o r ,  w i th  good 
s e n s i t i v i t y  below about  1800 A, i s  i n s e n s i t i v e  even t o  t h e  l o n g e r  wave length  u l t r a v i o l e t  
r a d i a t i o n .  

11. S c i e n t i f i c  q o a l s  

The s c i e n t i f i c  g o a l s  o f  t h e  HRS i n v e s t i g a t i o n  a r e  summarized by f i v e  g e n e r a l  t o p i c s :  

o t h e  i n t e r s t e l l a r  medium; 
o mass l o s s  by s t e l l a r  winds and t h e  e v o l u t i o n  of  t h e  o u t e r  atmospheres o f  s t a r s ;  
o abundances o f  t h e  e lements  and s t e l l a r  e v o l u t i o n ;  
o e x t r a g a l a c t i c  sources ,  i n c l u d i n g  quasars and t h e  n u c l e i  of S e y f e r t  g a l a x i e s ;  
o t h e  s o l a r  system - t h e  atmospheres of  p l a n e t s ,  s a t e l l i t e s  and comets. 

For  each g e n e r a l  t o p i c  a r e a  t h e r e  a re  s e v e r a l  s p e c i f i c a l l y  i d e n t i f i e d  g o a l s ;  each g o a l  
can be accompl ished by a s e t  of a p p r o p r i a t e l y  p lanned  o b s e r v a t i o n s ,  suppor ted  i n  some 
cases by o t h e r  ST i n s t r u m e n t s .  Here we d i s c u s s  f o u r  h y p o t h e t i c a l  o b s e r v a t i o n s  ( n o t  
n e c e s s a r i l y  a c t u a l  o b s e r v a t i o n s  t o  be made by t h e  HRS I n v e s t i g a t i o n  D e f i n i t i o n  Team) t h a t  
address  a few o f  t h e s e  g o a l s  and which i l l u s t r a t e  how t h e  u n i q u e  c a p a b i l i t i e s  o f  t h e  HRS 
a r e  used i n  such s t u d i e s .  
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COMBINED HRS AND TELESCOPE SENSITIVITY 
1 I I I I I I I I I I 

F i g u r e  1 Combined s e n s i t i v i t y  cu rves  f o r  t h e  HRS and ST. Spec t roscop ic  modes f o r  R = 2 
x 103, 2 x 104, and 1 x 105 a r e  denoted by dashed, s o l i d ,  and d o t t e d  
l i n e s ,  r e s p e c t i v e l y .  For R = 1 x 105, t h e  two p a i r s  o f  cu rves  a r e  enve lopes  
connec t ing  t h e  s e n s i t i v i t y  maxima and maxima w i t h i n  t h e  e c h e l l e  o r d e r s .  
Reso lv ing  power i s  a p p r o x i m a t e l y  c o n s t a n t  w i t h  wave length  i n  t h e  e c h e l l e  mode. 
Approximate w i d t h s  o f  r e s o l u t i o n  e lements  a r e  l a b e l e d  on t h e  cu rves  f o r  t h e  
f i r s t  order modes. The 0.25 a r c  sec a p e r t u r e  i s  assumed. The o r d i n a t e  g i v e s  
coun ts  per second p e r  d i o d e  f o r  an i n c i d e n t  f l u x  i n  photons  p e r  cm2 p e r  
second per angstrom ( D . S .  Leckrone) .  

2A0311-22 (Observa t i on  p l a n  by J.B. Hu tch inqs )  

These obse rva t i ons  p e r t a i n  t o  t h e  t o p i c  a r e a  o f  s t e l l a r  w inds  and o u t e r  atmospheres. 
The t a r g e t  i s  an a c c r e t i n g  magnet ic  w h i t e  dwar f  i n  a b i n a r y  system ( o r b i t a l  p e r i o d  = 
8 1  min).  The g o a l  is t o  unders tand  t h e  p h y s i c s  o f  mass f l o w  i n  t h i s  system. The v i s u a l  
magn i tude of t h e  t a r g e t  i s  about  1 4  and i s  v a r i a b l e .  Emiss ion  l i n e s  a r i s e  from t h e  
a c c r e t i o n  d i s k  o r  a c c r e t i o n  columns and t h e y  show r e g u l a r  v a r i a t i o n s  wi th  a " p e r i o d "  o f  
about  20 min. B r i g h t n e s s  v a r i a t i o n s  on a t i m e  s c a l e  o f  about  6 min a l s o  occur .  

A s t u d y  of  t h e  s p e c t r a l  v a r i a t i o n s  r e q u i r e s  t h e  r e l a t i v e l y  h i g h  s p e c t r a l  r e s o l u t i o n  o f  
t h e  HRS llmediumll r e s o l u t i o n  mode, R = 20,000, as w e l l  as  a t i m e  r e s o l u t i o n  of  1 min, 
r a t h e r  h i g h  f o r  spectroscopy o f  such a f a i n t  s t a r .  The two s p e c t r a l  f e a t u r e s  t o  be 
measured a r e  t h e  C I V  and S i  I V  d o u b l e t s  a t  1550 A and 1397 A, r e s p e c t i v e l y ,  which a r i s e  
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i n  t h e  a c c r e t i n g  plasma. A t  t h i s  s p e c t r a l  r e s o l u t i o n  t h e s e  f e a t u r e s  cannot  be observed 
w i t h  a s i n g l e  g r a t i n g  s e t t i n g  (HRS c a r r o u s e l  p o s i t i o n j .  If t h e r e  were no  i n t e r f e r i n g  
f a c t o r s  due t o  ST o r b i t a l  and o t h e r  o p e r a t i n g  Parameters,  each d o u b l e t  would be observed 
s e p a r a t e l y  f o r  a s u i t a b l e  i n t e r v a l  o f  about 100 min, h, one b i n a r y  p e r i o d  p l u s  20% 
o v e r l a p .  ( I f  t h e  o b s e r v a t i o n s  of  b o t h  f e a t u r e s  a r e  accompl ished w i t h i n  a week o f  each 
o t h e r  t h e  r e s p e c t i v e  o r b i t a l  phases can be p r e c i s e l y  r e l a t e d . )  However, i f  c o n t i n u o u s  
v i e w i n g  o f  100 min i s  n o t  ach ievab le ,  t he  o b s e r v a t i o n s  o f  a s i n g l e  f e a t u r e  would be 
scheduled, e.g., f o r  t h r e e  33-min o r  g r e a t e r  i n t e r v a l s ,  chosen so as t o  o b t a i n  f u l l  
o r b i t a l  phase coverage. Data  would be a c q u i r e d  i n  a c c u m u l a t i o n  mode, w i t h  c o a d d i t i o n  o f  
s p e c t r a  i n  t h e  f l i g h t  computer every  200 msec. Wavelength c a l i b r a t i o n ,  based on a Pt-Ne 
h o l l o w  ca thode lamp i n t e r n a l  t o  t h e  HRS, wou ld  be accompl ished p r i o r  t o  and f o l l o w i n g  
each such 33-min i n t e r v a l .  The CsTe D i g i c o n  and t h e  2 a r c  sec e n t r a n c e  s l i t  w i l l  be 
used. 

S e l e c t e d  i n t e r s t e l l a r  c l o u d s  (Observa t i on  p l a n  by M.A. J u r a )  

These o b s e r v a t i o n s  p e r t a i n  t o  t h e  t o p i c  a r e a  o f  t h e  i n t e r s t e l l a r  medium. The t a r g e t s  
a r e  s t a r s  l o c a t e d  beyond c l o u d s  t h a t  have l i t t l e  m o l e c u l a r  hydrogen and t h e  g o a l  i s  t o  
de te rm ine  t h e  e f f i c i e n c y  o f  mo lecu le  fo rma t ion  on g r a i n s  as opposed t o  f o r m a t i o n  i n  t h e  
gas phase, by means of  a sea rch  f o r  h y d r o x y l  and water  mo lecu les  i n  such c louds .  The 
sea rch  f o r  two weak l i n e s  (1222.07 A and 1239.73 A )  o f  t h e s e  mo lecu les  r e q u i r e s  t h e  HRS 
h i g h  s p e c t r a l  r e s o l u t i o n  mode, t h e  0.25 arc sec e n t r a n c e  s l i t ,  and h i g h  p h o t o m e t r i c  
accuracy .  I n  v iew o f  t h i s  l a s t  requ i remen t ,  t h e  HRS exposure  meter  p rogram w i l l  be 
commanded t o  a c q u i r e  an average o f  100,000 c o u n t s / d i o d e  on s p e c i f i c  (observer -chosen)  
d iodes  i n  t h e  CsI D i g i c o n ,  which w i l l  be used for t hese  o b s e r v a t i o n s .  

Observa t i ons  i n  t h e  HRS accumu la t i on  mode would be  made a t  each o f  t h e  two above 
wave lengths  i n  each o f  f i v e  t a r g e t  s t a r s ,  a s  l i s t e d  below. A wave length  c a l i b r a t i o n  on 
t h e  Pt-Ne lamp would be secured be fo re  and a f t e r  each o b s e r v a t i o n .  As can be seen, t h e  
e s t i m a t e d  exposure t i m e s  a r e  r a t h e r  s h o r t :  

0 d e l t a  O r i  exposure t imes - 25 sec p e r  l i n e  

0 e p s i l o n  O r i  exposure t imes - 26 see pe r  l i n e  

0 kappa O r i  exposure t imes-  30 sec p e r  l i n e  

0 30 CMa exposure t imes-  228 sec p e r  l i n e  

V = 2.23 09.511 

V = 1.70 BOIa 

V = 2.09 BO. 51a 

V = 4.40 091b 

0 t a u  Sco exposure t imes-  32 sec p e r  l i n e  
V = 2.84 BOV 

V e l o c i t y  d i s p e r s i o n  i n  t h e  c e n t r a l  r e o i o n  o f  t h e  Andromeda Galaxy ( O b s e r v a t i o n  
p l a n  by R .  Weymann) 

These o b s e r v a t i o n s  p e r t a i n  t o  t h e  t o p i c  a r e a  o f  e x t r a g a l a c t i c  sources .  The t a r g e t  i s  
M31 and t h e  g o a l  i s  t o  de te rm ine  the s p a t i a l  dependence o f  t h e  v e l o c i t y  d i s p e r s i o n  i n  t h e  
c e n t r a l  r e g i o n  o f  t h i s  ga laxy .  T h i s  goa l  r e q u i r e s  h i g h  s e n s i t i v i t y ,  s i n c e  t h e  t a r g e t  i s  
f a i n t  i n  t h e  u l t r a v i o l e t ,  b u t  r e l a t i v e l y  h i g h  s p e c t r a l  r e s o l u t i o n  ( t h e  HRS "medium" 
r e s o l u t i o n  mode i s  a p p r o p r i a t e )  i s  needed. A c c o r d i n g l y ,  t h e  exposure  t i m e s  a r e  l ong .  
Because o f  t h e  h i g h  accu racy  r e q u i r e d  i n  p l a c i n g  t h e  HRS e n t r a n c e  s l i t  f o r  t h e s e  
o b s e r v a t i o n s ,  t h e  ST Wide F i e l d  and P l a n e t a r y  Camera (WF/PC) m i g h t  be used t o  s u p p o r t  t h e  
i n i t i a l  t a r g e t  a c q u i s i t i o n  o f  t h e  M31 nucleus. H igh  s p a t i a l  r e s o l u t i o n  and hence t h e  HRS 
0.25 a r c  sec e n t r a n c e  s l i t  a r e  r e q u i r e d .  The o b s e r v a t i o n s  w i l l  be made a t  a s i n g l e  
g r a t i n g  s e t t i n g ,  a wave length  cor respond ing  t o  a s u i t a b l e  a b s o r p t i o n  l i n e  near  2800 A, 
and t h e r e f o r e  t h e  CsTe D i g i c o n  i s  s p e c i f i e d .  Observa t i ons  a t  f i v e  P o s i t i o n s  i n  M31 a r e  
s p e c i f i e d :  

L o c a t i o n  

A. On t h e  n u c l e u s  
8. D i s p l a c e d  0.3 a r c  sec a l o n g  M31 major a x i s  
C. D i s p l a c e d  0.3 a r c  sec f rom nucleus, o r t h o g o n a l l y  

D. D i s p l a c e d  0.6 a r c  sec  a l o n g  ma jo r  a x i s ,  i n  t h e  

E. D i s p l a c e d  0.6 a r c  sec f rom nucleus, i n  t h e  same 

t o  t h e  ma jo r  a x i s  

same sense as o b s e r v a t i o n  8 

sense as o b s e r v a t i o n  C 

ExPosure Time 

1500 sec 
4500 sec 

4500 sec 

15000 sec 

15000 sec 
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Comet H a l l e v  (Observa t i on  P l a n  by J.C. B r a n d t )  

I 

These o b s e r v a t i o n s  p e r t a i n  t o  t h e  t o p i c  a r e a  o f  t h e  s o l a r  system. The t a r g e t  i s  Comet 
H a l l e y  and t h e  goa l  i s  t o  de te rm ine  t h e  abundance r a t i o  O/H i n  t h i s  comet. The d e s i r e d  
q u a n t i t y  c o u l d  i n d i c a t e  t h e  r e l a t i v e  abundance o f  d e u t e r i u m  i n  t h e  s o l a r  nebu la  and m i g h t  . 
have c o s m o l o g i c a l  i m p l i c a t i o n s  as  w e l l .  Accomp l i sh ing  t h i s  g o a l  r e q u i r e s  a t  l e a s t  
modera te l y  h i g h  s p e c t r a l  r e s o l u t i o n  and e x c e l l e n t  t a r g e t - t r a c k i n g ;  i n  t h e  most d i f f i c u l t  
case, on 10 A p r i l 1 9 8 6  when t h e  comet i s  o n l y  0.4 AU from t h e  e a r t h ,  t h e  p r o p e r  m o t i o n  o f  
t h e  t a r g e t  w i l l  be 343 a r c  sec d u r i n g  30 min. The U n c e r t a i n t y  i n  t h i s  q u a n t i t y  s h o u l d  
n o t  exceed 0.05 arc sec d u r i n g  30 min. The WF/PC would be used t o  a s s i s t  i n  i n i t i a l  
t a r g e t  a c q u i s i t i o n  and a t  i n t e r v a l s  t o  c o n f i r m  o r  a d j u s t  t h e  t r a c k i n g .  
-.. in p o s i t i o r !  o f  t n e  cometary nuc leus  may be io a r c  sec. 

The u n c e r t a i n t y  

The Lyman-alpha l i n e  o f  deuter ium,  a t  1215.340 A ,  i s  abou t  1 / 3  A s h o r t  of t h e  hydrogen 
Lyman-alpha wavelength;  t h i s  co r responds  t o  about  5 r e s o l u t i o n  e lements  i n  t h e  HRS medium 
r e s o l u t i o n  mode. When t h e  HRS was o r i g i n a l l y  proposed, t h i s  was c l o s e  t o  a l i m i t i n g  
o b s e r v a t i o n :  assuming a c e n t r a l  hydrogen Lyman-alpha b r i g h t n e s s  o f  40 k i l o r a y l e i g h s  ( a s  
i n  Comet B e n n e t t  1969 i )  and a O/H r a t i o  o f  about  10-4, w i t h  t h e  o r i g i n a l l y  p roposed 
l a r g e  e n t r a n c e  s l i t  s i z e  o f  1 a r c  sec square ,  we e s t i m a t e d  t h a t  t h e r e  w i l l  be abou t  0.013 
c o u n t s / s / d i o d e  i f  t h e  deu te r ium l i n e  f a l l s  on one d iode.  Comparable coun t  r a t e s  were 
a n t i c i p a t e d  i n  the wing o f  t h e  hydrogen l i n e ,  from s c a t t e r e d  l i g h t ,  and from d a r k  n o i s e .  
Thus, an exposure  t i m e  o f  10 h r s  t o  ach ieve  a s i g n a l - t o - n o i s e  r a t i o  of 1 0  i n  d e u t e r i u m  
Lyman-alpha was es t imated.  F o r t u n a t e l y ,  t h i s  e s t i m a t e  has now been l o w e r e d  t o  abou t  1 hr  
thanks  t o  t h e  i n c r e a s e  i n  t h e  d e s i g n  s i z e  o f  t h e  l a r g e  s l i t ,  t o  2 a r c  sec, a l o w e r  d a r k  
c o u n t  ach ieved  i n  t h e  f l i g h t  d e t e c t o r s  t h a n  had been s p e c i f i e d ,  and a l a r g e r  c u r r e n t l y  
p r e d i c t e d  hydrogen Lyman-alpha f l u x .  I n  f a c t ,  i t  may be p r a c t i c a l  t o  a t t e m p t  t h e  
o b s e r v a t i o n  i n  t h e  h i g h  r e s o l u t i o n  mode, so as  t o  ach ieve  h i g h e r  s e n s i t i v i t y  t o  t h e  
d e t e c t i o n  o f  a weak deu te r ium l i n e .  

Z e t a  Aur iqae  (Observa t i on  P l a n  by R. Weymann) 

o f  s t a r s .  They i l l u s t r a t e  how a s u b j e c t  i n v e s t i g a t e d  s i g n i f i c a n t l y  by IUE g a i n s  new 
d i s e n s i o n s  when the  t a r g e t  can  be examined w i t h  t h e  h i g h  s p e c t r a l  r e s o l u t i o n  mode o f  t h e  
HRS. The t a r g e t  i s  t h e  a tmospher i c  e c l i p s i n g  b i n a r y  z e t a  Aur igae  and t h e  g o a l  is  t o  
i n v e s t i g a t e  the  r o l e  o f  momantum t r a n s p o r t  by A l fvCn waves or o t h e r  r e l e v a n t  modes i n  r e d  
g i a n t  mass l o s s .  To a t t a i n  t h i s  goa l ,  i t  i s  necessary  t o  o b t a i n  d e t a i l e d  d a t a  on t h e  
v a r i a t i o n  o f  v e l o c i t y  and number d e n s i t y  w i t h  d i s t a n c e  from t h e  s t a r ,  t o  supplement t h e  
s t u d i e s  o f  t i m e  v a r i a t i o n s  i n  t h e  i n t e n s i t i e s  o f  chromospher ic  l i n e s  o b t a i n e d  by IUE. 
The d a t a  can be acqu i red  by h i g h - r e s o l u t i o n  spec t roscopy  a t  v a r i o u s  o r b i t a l  phases o v e r  
t h e  972-day o r b i t a l  p e r i o d .  The presence o f  t h e  e a r l y - t y p e  companion s t a r  w i l l  enab le  us 
t o  observe  l i n e s  w e l l  i n t o  t h e  u l t r a v i o l e t ,  as  seen i n  t h e  IUE echel le-mode o b s e r v a t i o n s  
rep roduced  i n  F igu res  2, 3, and 4. I n  p a r t i c u l a r ,  t h e  u l t r a v i o l e t  spectrum a l l o w s  us  t o  
observe  abundant ions ,  so  t h a t  m a t e r i a l  l e a v i n g  t h e  r e d  g i a n t  can  be s t u d i e d  a t  a l l  
o r b i t a l  phases. 

The o b s e r v a t i o n s  w i l l  be made i n  t h e  h i g h  s p e c t r a l  r e s o l u t i o n  mode and w i t h  t h e  0.25 
a r c  sec e n t r a n c e  s l i t .  The optimum g r a t i n g  p o s i t i o n s  can be de te rm ined  f rom t h e  
a v a i l a b l e  I U E  obse rva t i ons ;  t h e  wavelenqths l i s t e d  below a r e  o n l y  i l l u s t r a t i v e .  The d a t a  
w i l l  be t a k e n  i n  accumula t ion  mode; he re ,  t h e  exposure  meter  c o n t r o l  has p a r t i c u l a r  
v a l u e ,  s i n c e  t h e  s p e c t r a l  i n t e n s i t y  d i s t r i b u t i o n  changes n o t i c e a b l y  (see t h e  F i g u r e s )  
w i t h  t ime .  One s u i t e  o f  o b s e r v a t i o n s  c o r r e s p o n d i n g  t o  t h e  f o l l o w i n g  t a b l e  would be made 
once eve ry  48 days over  a f u l l  o r b i t a l  p e r i o d .  In  a d d i t i o n ,  d u r i n g  t h e  two i n t e r v a l s  o f  
deepest  chromospher ic e c l i p s e ,  each l a s t i n g  about  20 days, a s u i t e  o f  o b s e r v a t i o n s  would 
be made once e v e r y  second day. 

These o b s e r v a t i o n s  p e r t a i n  t o  t h e  t o p i c  a r e a  o f  s t e l l a r  winds and t h e  o u t e r  atmospheres 

EO 

I l l u s t r a t i v e  
Wavelenqth 

2600 A 
2604 
2607 
261 2 
2000 
2009 
2012 
2022 
1600 
1603 
1606 
1614 
1400 

Exposure D e t e c t o r  

CsTe D i g i c o n  
It 11 

11 n 
H I 
n n 

n n 
n n 

II n 

CsI D i g i c o n  
n I1 

n n 
n n 
n n 

1 0  sec 
1 0  
10 
10 
1 5  
1 5  
1 5  
15  
50 
50 
50 
50 
120 



I l l u s t r a t i v e  
Wavelenath 

1411 A 
1415 
1420 
1200 
1211 
1216 
1219 

De tec t  or  

Csf D i g i c o n  
n n 
n n 
n 0 

n It 

I( I( 

n n 

Exposure 

120 sec 
120 
120 
180. 
180 

180 
180 

F i g u r e  2 IUE echelle-mode obse rva t i on  o f  ze ta  Aur igae on September 16,1979. The h o t  
s t a r  continuum dominates t h e  spectrum and t h e  h and k l i n e s  o f  Mg I1 w i t h  t h e i r  
P-Cygni prof i les  are  conspicuous. E c l i p s e  has n o t  y e t  begun. (R.0. Chapman) 

Note t h a t  a s u i t e  o f  observa t ions  i n v o l v e s  one D i g i c o n  change, f o u r  major  c a r r o u s e l  
r o t a t i o n s  ( coun t ing  t h e  mot ion  a f t e r  t a r g e t  a c q u i s i t i o n ,  t o  p o s i t i o n  t h e  e c h e l l e  f o r  t h e  
f i r s t  s p e c t r a l  measurement) and twe lve  minor c a r r o u s e l  r o t a t i o n s  ( t o  s e l e c t  i n d i v i d u a l  
p o s i t i o n s  of  a g r a t i n g  a l ready  s e l e c t e d  by a major  c a r r o u s e l  mot ion) .  

It i s  wor th  n o t i n g  t h a t  about f i v e  atmospheric e c l i p s e  b i n a r y  systems a r e  observable 
w i t h  IUE, b u t  about 100 (acco rd ing  t o  an es t ima te  by R.D. Chapman) can be examined 
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F igu re  3 I U E  echelle-mode obse rva t i on  o f  ze ta  Aur igae on November 19, 1979. The 
spectrum i s  now dominated by many a b s o r p t i o n  l i n e s  i n d i c a t i n g  t h a t  e c l i p s e  o f  
t h e  h o t  s t a r  by t h e  c o o l  r e d  superg ian t  has begun. ( R . D .  Chapman) 

w i t h  t h e  HRS. Th is  means t h a t  a s i g n i f i c a n t l y  wider  v a r i e t y  o f  atmospheres, 
corresponding t o  s t a r s  of d i f f e r e n t  s p e c t r a l  types,  can be s c r u t i n i z e d  by t h i s  p o w e r f u l  
technique.  

111. Implementat ion of t h e  Hiqh R e s o l u t i o n  SPectroqraph 

Reauirements 

The HRS i s  requ i red  t o  o b t a i n  spec t ra  a t  r e s o l u t i o n s  R = 105, 2 x l o 4 ,  and 2 x 103. 
The Cs I /L iF  D ig i con  d e t e c t o r  i s  t o  be o p e r a t i v e  over  t h e  s p e c t r a l  range 110 nm - 170 nm 
i n  a l l  t h r e e  s p e c t r a l  r e s o l u t i o n  modes. S e n s i t i v i t y  f u r t h e r  t o  t h e  r e d  is  n o t  des i red ,  
f o r  maximum d i s c r i m i n a t i o n  aga ins t  s c a t t e r e d  l i g h t .  
t o  be o p e r a t i v e  over 115 nm - 320 nm i n  t h e  medium r e s o l u t i o n  mode and over 170 nm - 
320 nrn i n  t h e  h i g h  r e s o l u t i o n  mode; s e n s i t i v i t y  f u r t h e r  t o  t h e  u l t r a v i o l e t  is d e s i r a b l e  
Spectra a re  t o  be measured s imu l taneous ly  across 500 diodes i n  t h e  l i n e a r  a r r a y  o f  a 
de tec to r .  

The CsTe/MgF2 Digicon i s  r e q u i r e d  

a2 
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F i g u r e  4 IUE echelle-mode obse rva t i on  of z e t a  Aur igae on December 16, 1979. The system 
i s  a t  m id -ec l i pse  and t h e  spectrum c o n s i s t s  o f  emiss ion  l i n e s  f rom t h e  
superg ian t .  (R.O. Chapman) 

. 
The s e n s i t i v i t y  goa ls  o f  t h e  HAS i n c l u d e  t h e  f o l l o w i n g :  t h e  t o t a l  spec t rograph system 

e f f i c i e n c y ,  i n  counts/photon, i n  the  medium r e s o l u t i o n  mode (which employs f i r s t  o rde r  
g r a t i n g s  as t h e  d i s p e r s i v e  elements) i s  t o  exceed 1% throughout  t h e  i n t e r v a l  125 nm - 
280 nm, w i t h  a maximum o f  a t  l e a s t  3% i n  t h e  180 nm - 320 nm range. 
r e s o l u t i o n  mode (where an e c h e l l e  i s  used), t h e  system e f f i c i e n c y  i s  t o  exceed 0.4% a t  
t h e  b l a z e  wavelengths th roughout  t h e  i n t e r v a l  120 nm - 280 nm, w i t h  a maximum o f  a t  l e a s t  
1.2% i n  t h e  180 nm - 290 nm range. 

I n  t h e  h i g h  

The HRS system dark  no ise,  o u t s i d e  the South A t l a n t i c  Anomaly, is  r e q u i r e d  t o  be l e s s  
than  0.01 counts/channel /s  a t  nomina l  ope ra t i ng  temperature. 

The d e r i v e d  l i m i t i n g  magnitude requi rements on the.  HRS a r e  as f o l l o w s .  The HRS, i n  t h e  
medium r e s o l u t i o n  mode, s h a l l  ach ieve  a s igna l - to -no ise  r a t i o  of a t  l e a s t  10  p e r  channe l  
a t  a f l u x  maximum near t h e  wavelength of maximum HRS e f f i c i e n c y  i n  a 200-s i n t e g r a t i o n  on 
an unreddened AOV s t e l l a r  f l u x  d i s t r i b u t i o n  cor respond ing  approx imate ly  t o  magnitude V = 
15. 
i n t e g r a t i o n  on an unreddened AOV f l u x  d i s t r i b u t i o n  cor respond ing  approx imate ly  t o  
magnitude V = 12. 

I n  t h e  h i g h  r e s o l u t i o n  mode, t h e  same s igna l - to -no ise  s h a l l  be achieved i n  a 200-s 

Here, a te lescope throughput  ( i n c l u d i n g  t h e  e f f e c t  o f  
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o b s c u r a t i o n )  of  0.58, co r respond ing  t o  an e f f e c t i v e  a p e r t u r e  o f  23200 cm2, a r a d i a t i o n  
background o f  10-3 counts /s /channe l ,  and a sky  background o f  l e s s  t h a n  10-3 
photons/cm2/s/A/(arc m i n ) 2  have been assumed. 

The r e l a t i v e  response of  any two  channe ls  i n  e i t h e r  D i g i c o n  i s  r e q u i r e d  t o  rema in  
c o n s t a n t  t o  w i t h i n  1% over  i n t e r v a l s  o f  up t o  30 days. I t  i s  a l s o  r e q u i r e d  t h a t  t h e  
background c o n t r i b u t i o n  t o  t h e  t o t a l  c o u n t  r a t e  s h a l l  be  measurab le  t o  1% accuracy  
t h r o u g h  o b s e r v a t i o n s  o f  t h e  r e s i d u a l  i n t e n s i t i e s  o f  i n t e r s t e l l a r  l i n e s .  The p h o t o m e t r i c  
pe r fo rmance  o f  t h e  HRS i s  f u r t h e r  s p e c i f i e d  w i th  r e s p e c t  t o  c o u n t  r a t e s  t h a t  a r e  randomly  
d i s t r i b u t e d  i n  t i m e  as f o l l o w s :  a t  r a t e s  up t o  105 coun ts /s / channe l ,  t h e  measured 
r a t e s  s h a l l  be c o r r e c t a b l e  t o  t h e  t r u e  r a t e s  t o  an  accu racy  o f  b e t t e r  t h a n  4%' w h i l e  ?'G: 
zoiiiit r a t e s  o f  i t o  i 0 4  c o u n t s i s / c h a n n e l ,  t h e  measured r a t e s  s h a l l  be c o r r e c t a b l e  t o  
t h e  t r u e  r a t e s  t o  an accu racy  o f  b e t t e r  t h a n  1%. Al lowance i s  made f o r  d e g r a d a t i o n  o f  up 
t o  2% o f  t h e  channels i n  each D i g i c o n  due t o  b lem ishes  o r  o t h e r  m a n u f a c t u r i n g  d e f e c t s .  

r e q u i r e d .  Longer i n t e g r a t i o n  p e r i o d s  a r e  t o  be  p r e s e t  with an accu racy  o f  100 
microseconds. The r e s e t  t i m e  between s u c c e s s i v e  i n t e g r a t i o n s  i n  t h e  a c c u m u l a t i o n  mode i s  
r e q u i r e d  t o  be l e s s  than 2 ms. 

S p a t i a l  r e s o l u t i o n s  o f  0.25 arc  sec and 2 a r c  sec a r e  r e q u i r e d ,  and t h e  HRS is  r e q u i r e d  
t o  be capab le  o f  p r o v i d i n g  o f f s e t  t a r g e t  image p o s i t i o n s  t o  t h e  f l i g h t  computers o f  
s u f f i c i e n t  p r e c i s i o n  t o  a l l o w  c e n t e r i n g  of  a t a r g e t  w i t h i n  t h e  s m a l l  s l i t  t o  an accu racy  
o f  0.020 a r c  sec. 

The HRS i s  r e q u i r e d  t o  p r o v i d e  an i n t e r n a l  wave length  c a l i b r a t i o n  system o p e r a t i v e  b o t h  
i n  t h e  l a b o r a t o r y  and i n  o r b i t  t h a t  i s  capab le  of  e s t a b l i s h i n g  a wave length  s c a l e  ( g i v e n  
i n f o r m a t i o n  on t h e  t a r g e t  image p o s i t i o n  i n  t h e  e n t r a n c e  s l i t )  a c c u r a t e  t o  t h e  wave length  
e q u i v a l e n t  o f  0.40 p i x e l s .  The HRS i s  r e q u i r e d  t o  rema in  s u f f i c i e n t l y  s t a b l e  so t h a t  a 
s i n g l e  wave length  c a l i b r a t i o n  u s i n g  one o f  t h e  D i g i c o n s  s h a l l  be v a l i d  over  a p e r i o d  o f  
1 hr .  

The HRS i s  r e q u i r e d  t o  be f u r n i s h e d  wi th a l i g h t  sou rce  s u i t a b l e  t o  enab le  t h e  
p i x e l - t o - p i x e l  r e l a t i v e  response t o  be de te rm ined  w i t h i n  t h e  s p e c t r a l  range 110 nm - 
320 nm f o r  any o p e r a t i v e  s p e c t r a l  mode o f  t h e  i n s t r u m e n t  and f o r  a l l  d iodes  o f  t h e  
c o r r e s p o n d i n g  D ig i con .  

A m i n i m u m  i n t e g r a t i o n  p e r i o d  o f  50 ms f o r  a s i n g l e  frame o f  d a t a  (spec t rum)  i s  

O p t i c a l  d e s i q n  

The o p t i c a l  des ign  o f  t h e  HRS ( F i g u r e  5) i s  based on t h e  p r i n c i p l e  o f  making t h e  
s p e c t r a l  image a t  the c e n t e r  o f  t h e  d e t e c t o r  pho toca thode  s t i g m a t i c  by u s i n g  o f f - a x i s  
p a r a b o l o i d s  as t h e  c o l l i m a t o r ,  camera m i r r o r s ,  and c r o s s - d i s p e r s e r s .  The d i s p e r s i v e  
e lements  a r e  f i v e  f i r s t - o r d e r  g r a t i n g s  ( f o u r  h igh - f requency  g r a t i n g s  f o r  v a r i o u s  submodes 
o f  t h e  medium r e s o l u t i o n  mode and one f o r  t h e  l o w  r e s o l u t i o n  model and an e c h e l l e ,  used 
i n  two h i g h  r e s o l u t i o n  submodes t h a t  co r respond  t o  t h e  two D i g i c o n  d e t e c t o r s .  See 
Tab les  1 and 2. 

Tab le  1 

G r a t i n g s  S e l e c t e d  f o r  F l i g h t  i n  t h e  HRS 

Rad ius  o f  Groove B l a z e  
C u r v a t u r e  Frequency Ang le  Method o f  

Number A p p l i c a t i o n  (mm 1 (mm-1)  (deg) Manu fac tu re  - 
F i r s t  o rde r  
F i r s t  o r d e r  
F i r s t  o rde r  
F i r s t  o r d e r  
F i r s t  o rde r  
Ech e 1 l e  
Cross - d i s p e r s e r  
Cross -d i spe r  s e r  

0 .. 
0 

m 

0 

.) 

2950 
2688 

6000 
4960 
4320 
3600 

600 
316 

197.5 
87.8 

a4 

unb lazed  
un b 1 a zed 
unb lazed  
unb lazed  

2.2 
63.4 

0.7 
0.5 

h o l o g r a p h i c  
h o l o g r a p h i c  
h o l o g r a p h i c  
h o l o g r a p h i c  
r u l e d  
r u l e d  
r u l e d  
r u l e d  

- 



G r a t i n g  
Number 

1 
2 
3 
4 
5 

6 & 7  
6 & 8  

T o t a l  
Wavelength 
Cover a g e  

( A )  

10 50-1 700 
1150-21 00 
1600-2300 
2200-3200 
1050-1700 
1050-1700 
1700-3200 

. 

m -  a-. I 1 c-?cY,:.L . - 'd 

27 ?C(-Z 2k.-;1:-J";' 
T a b l e  2 

HRS S p e c t r a l  Mode C h a r a c t e r i s t i c s  

I n s t a n t a n e o u s  
Wavelength 
Coverage 

( A )  

25 
33 
38 
4 3  

288 
6-10 
9-20 

Nominal 
Re so 1 v i  ng 
Power 

2 x 104 
2 x 104 
2 x 104 
2 x 104 
2 x 103 
1 x 105 
1 x 105 

7 CAMERA MIRRORS 

CARROUSEL 

DIGICON 

DIGICON 

Figure 5 The optical design concept for the HRS.  

A p p l i c a b l e  
Oetec t o r  

C s I / L i F  
CsTe/MgF2 
CsTe/MgF2 
CsTe/MgFZ 
C s I / L i F  
C s I / L i F  
CsTe/MgF2 

A T O R  

I n  t h e  medium r e s o l u t i o n  mode, one g r a t i n g  p r o v i d e s  s a t i s f a c t o r y  p e r f o r m a n c e  o v e r  t h e  
s p e c t r a l  r a n g e  o f  t h e  C s I / L i F  d e t e c t o r ,  b u t  three g r a t i n g s  a re  r e q u i r e d  t o  c o v e r  t h e  
r a n g e  o f  t h e  CsTe/MgF2 d e t e c t o r  w h i l e  still o p e r a t i n g  each n e a r  i t s  optimum b l a z e .  I n  
t h e  h i g h  r e s o l u t i o n  mode, an eche l le  is u s e d  w i t h  e i t h e r  of  two c o n c a v e  c r o s s - d i s p e r s e r s ,  
d e p e n d i n g  on t h e  d e t e c t o r .  The l o n g  wavelength cross-disperser is mounted b e h i n d  a t h i n  
f u s e d  q u a r t z  window w i t h  a s h o r t  wavelength c u t o f f  n e a r  1600 A t o  d i s c r i m i n a t e  a g a i n s t  
s e c o n d  o r d e r  s p e c t r a .  A q u a r t z  window 1s a l s o  mounted i n  f r o n t  o f  g r a t i n g  No. 4 (see 
Table 2 )  f o r  t h e  same p u r p o s e .  

s l i t  or t h e  o t h e r .  As t h e  HRS sli ts  a r e  a b o u t  5 arc  min o f f  t h e  ST o p t i c a l  a x i s ,  t h e  
t a r g e t  image c o n t a i n s  a p p r e c i a b l e  a s t i g m a t i s m  and t h e  d i f f e r e n c e  between t h e  t a n g e n t i a l  
and s a g i t t a l  f o c i  is s i g n i f i c a n t  ( a b o u t  1.2  m m ) .  I n  o r d e r  t o  o b t a i n  s p e c t r a  o f  p r e c i s e l y  
d e f i n e d  r e g i o n s  i n  e x t e n d e d  s o u r c e s ,  s e p a r a t e  s a g i t t a l  and  t a n g e n t i a l  s l i t  jaws a r e  
mounted a t  t h e  c o r r e s p o n d i n g  f o c i .  The c o l l i m a t o r ,  a n  o f f - a x i s  p a r a b o l o i d ,  is d e c e n t e r e d  
and t i l t e d  so t h a t  t h e  r e s u l t i n g  a s t i g m a t i s m  e x a c t l y  c o m p e n s a t e s  t h e  t e l e s c o p e  
a s t i g m a t i s m ,  w h i l e  t h e  coma r e m a i n s  zero.  Thus a beam 

The two e n t r a n c e  s l i t s  a r e  f i x e d ;  t h e  ST is moved so as  t o  image t h e  t a r g e t  i n  one  HRS 
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c o l l i m a t e d  t o  w i t h i n  0.25 a r c  sec is produced, which co r responds  t o  a l i n e a r  a b e r r a t i o n  
a t  t h e  d e t e c t o r  o f  o n l y  about  1.4 mic rometer .  The l a s t  f o c u s s i n g  element (camera m i r r o r  
or c r o s s - d i s p e r s e r )  t h e r e f o r e  produces t h e  o n l y  a b e r r a t i o n s  o f  t h e  combined ST-HRS 
o p t i c a l  t r a i n .  Thus, s p e c t r a l  image q u a l i t y  i s  de te rm ined  by these  a b e r r a t i o n s ,  which,  
o f f  t h e  s t i g m a t i c  cen te r ,  a r e  t h i r d - o r d e r  coma and a s t i g m a t i s m  r e s u l t i n g  from d i f f e r e n c e s  
i n  t h e  r e s p e c t i v e  t i l t s  and c u r v a t u r e s  o f  t h e  s a g i t t a l  and t a n g e n t i a l  image p lanes .  The 
d e t e c t o r  photocathodes a r e  t i l t e d  t o  ach ieve  optimum imag ing  i n  t h e  e c h e l l e  d i s p e r s i o n  
d i r e c t i o n  a t  a l l  s p e c t r a l  o r d e r s  i n  t h e  eche l logram,  and a r e  p o s i t i o n e d  t o  reduce t h e  
e f f e c t s  o f  cu rva tu re .  These arrangements do n o t  degrade t h e  image q u a l i t y  i n  s p e c t r a  
f rom t h e  f i r s t  o rde r  g r a t i n g s .  

a c q u i s i t i o n .  These a r e  summarized i n  Tab le  3 ,  where t h e  a p p l i c a b l e  range  i s  expressed, 
for  purposes o f  i l l u s t r a t i o n  i n  terms o f  t h e  apparent  v i s u a l  magnitude o f  a s t a r  whose 
spectrum i s  t h a t  o f  a 3 x 104 O K  b lackbody.  T h i s  range  ( t h e  l i s t e d  f i g u r e s  a r e  n o m i n a l  
v a l u e s )  is based on a coun t  r a t e  range  o f  102 t o  105 coun ts /s .  

The HRS i s  a l s o  p r o v i d e d  w i t h  plane o p t i c s  ts SUppGit four  camera modes used f o r  t a r g e t  

Tab le  3 

HRS Target  A c q u i s i t i o n  Modes 

Mode - 
N2 

N 1  

A2 

A 1  

O p t i c a l  Conf i a u r a t i o n  D i g i c o n  A p p l i c a b l e  Ranqe 

Main A c q u i s i t i o n  Mirror 
Camera M i r r o r  B 

G5 i n  Ze ro th  Order 
Camera Mirror A 

CsTe/MgF2 V = 13  t o  21 

C s I / L i F  V = 7 t o  15 

Outer Fused S i l i c a  P l a t e  CsTe/MgFz V = 10 t o  18  

Inne r  Fused S i l i c a  P l a t e  C s I / L i F  v = -1 t o  +7 

Camera M i r r o r  0 

Double Pass t h r o u g h  Outer P l a t e  
Camera M i r r o r  A 

D e t e c t o r s  

There a r e  two D i g i c o n  d e t e c t o r s ,  p r o v i d e d  w i t h  C s I / L i F  and CsTe/MgF2 photocathode/  
window comb ina t ions ,  r e s p e c t i v e l y .  Each is  p r o v i d e d  wi th  a l i n e a r  a r r a y  of 500 d iodes ,  
on which t h e  p h o t o e l e c t r o n s  a r e  m a g n e t i c a l l y  focused a f t e r  a c c e l e r a t i o n  ac ross  a 22.5 kV 
p o t e n t i a l .  Focussing i s  v i a  a r a r e  e a r t h  permanent magnet assembly. However, 
e l e c t r o m a g n e t i c  d e f l e c t i o n  c o i l s  a r e  p r o v i d e d  t o  a l l o w  t h e  d e s i r e d  p o r t i o n  o f  t h e  
photocathode t o  be  imaged on t h e  a r r a y .  The d e f l e c t i o n  c o i l s  a r e  used t o  s e l e c t  o r d e r s  
i n  t h e  eche l logram,  f o r  subs tepp ing  d u r i n g  accumu la t i on  mode, t o  sample i n t e r o r d e r  o r  
o t h e r  o f f - spec t rum background, and f o r  scann ing  t h e  f i e l d  o f  v iew d u r i n g  t a r g e t  
a c q u i s i t i o n .  I n d i v i d u a l  d iodes  o f  t h e  l i n e a r  a r r a y  a r e  40 m ic romete rs  wide on 
50-micrometer cen te rs ;  t h e i r  h e i g h t  (d imens ion  p e r p e n d i c u l a r  t o  t h e  d i s p e r s i o n )  i s  400 
mic rometers ,  wh ich  corresponds t o  2 a r c  sec a t  t h e  ST f o c a l  p lane .  

The D i g i c o n s  a r e  opera ted  i n  t h e  d i g i t a l  pho ton -coun t ing  mode. A s e p a r a t e  o u t p u t  p u l s e  
r e s u l t s  from each de tec ted  pho ton  and each o f  t h e  500 d iodes  o f  t h e  l i n e a r  a r r a y  i s  
f u r n i s h e d  wi th  an independent p r e a m p l i f i e r  and p o s t a m p l i f i e r ,  as a r e  t w e l v e  s p e c i a l -  
purpose d iodes  l o c a t e d  i n  t h e  D i g i c o n .  The l a t t e r  i n c l u d e  s m a l l e r  .d iodes ( p r o j e c t e d  s i z e  
0.25 a r c  sec square )  used t o  m o n i t o r  f ocus  and t o  map t h e  f i e l d  o f  view, go ld -ove rcoa ted  
d i o d e s  used t o  mon i to r  p a r t i c l e  r a d i a t i o n  w h i l e  t h e  HRS is  o p e r a t i n g ,  and l o n g  d iodes  1 

t h a t  a r e  o r i e n t e d  p a r a l l e l  t o  t h e  d i s p e r s i o n  and wh ich  may be used t o  e v a l u a t e  s c a t t e r e d  
l i g h t  d u r i n g  s p e c t r a l  d a t a  a c q u i s i t i o n .  
a c c e l e r a t e d  p h o t o e l e c t r o n  is 5600 e l e c t r o n - h o l e  p a i r s .  

The response o f  a s i n g l e  d i o d e  t o  a 22.5 kV 

Wavelength c a l i b r a t i o n  lamDs 

The HRS i s  p r o v i d e d  wi th  two redundant  p la t inum-neon h o l l o w  ca thode wave length  
c a l i b r a t i o n  lamps. The d e s i g n  i s  based on t h e  s u c c e s s f u l  IUE lamps. Each lamp i s  
f u r n i s h e d  wi th  a ded ica ted  e n t r a n c e  s l i t .  



F l a t  f i e l d  c a l i b r a t i o n  lamps 

a r e  used as i n t e r n a l  s tandards  f o r  d iode- to -d iode  response c a l i b r a t i o n  and pho toca thode  
mapping and as l i g h t  sou rces  f o r  t h e  o p e r a t i o n  o f  l o c a t i n g  t h e  photocathode mask edges. 

Redundant l ow-p ressu re  xenon lamps, which e m i t  p r i m a r i l y  i n  a resonance l i n e  a t  147 nm, 

. 

F l i g h t  s o f t w a r e  

D u r i n g  normal  f l i g h t  o p e r a t i o n s ,  t h e  HRS w i l l  o p e r a t e  under t h e  c o n t r o l  o f  
HRS-dedicated s o f t w a r e  r e s i d e n t  i n  t h e  NSSC-1 computer,  a component o f  an  ST subsystem 
known as t h e  S I  C&DH (Sc ience  Ins t rumen ts  C o n t r o l  and Data H a n d l i n g  System). U n l i k e  t h e  
o t h e r  S T  i n s t r u m e n t s ,  t h e  HRS does n o t  c o n t a i n  a m i c r o p r o c e s s o r .  

The ma jo r  t a s k s  o f  t h e  HRS f l i g h t  s o f t w a r e  a r e  t o  s u p p o r t  s a f i n g ,  and t o  conduc t  
o b s e r v a t i o n  i n i t i a l i z a t i o n ,  t a r g e t  a c q u i s i t i o n ,  and s c i e n c e  d a t a  a c q u i s i t i o n ,  as w e l l  as 
t o  c o n t r o l  " r e g u l a r l y  schedu led  events . "  Each o f  t h e s e  processes  w i l l  g e n e r a l l y  be 
conducted  autonomously when t h e  HRS i s  o p e r a t i n g  ( a s  opposed t o  b e i n g  i n  "Ho ld"  w h i l e  
ano the r  i n s t r u m e n t  is  o p e r a t i n g )  whether o r  n o t  a l i n k  t o  t h e  obse rve r  and ground 
c o n t r o l l e r s  i s  a v a i l a b l e .  However, t h e  f l i g h t  s o f t w a r e  i s  des igned  t o  a l l o w  observe r  
i n t e r a c t i o n  f o r  t a r g e t  a c q u i s i t i o n  and s p e c t r o s c o p i c  o b s e r v a t i o n s  when a p p r o p r i a t e  o r  
necessary .  

The HRS s a f i n g  programs o p e r a t e  t o  d e t e c t  anomalous c o n d i t i o n s  ( f o r  example, when an 
e n g i n e e r i n g  o r  housekeeping parameter  i s  o u t - o f - l i m i t s )  by r e a d i n g  f l a g s  s e t  by t h e  
NSSC-1 f l i g h t  e x e c u t i v e  program. I n  response, t h e  s a f i n g  programs i s s u e  a s a f i n g  command 
sequence t o  t h e  HRS when c o n d i t i o n s  war ran t  t h i s  a c t i o n .  
t e l e m e t r y  t o  d e s c r i b e  t h e  a c t i o n s  t a k e n  and i n h i b i t s  t h e  HRS f l i g h t  so f tware  f rom f u r t h e r  
e x e c u t i o n  pend ing  commands from t h e  ground. 

o r d e r  t o  pe r fo rm t h e  d e s i r e d  t a r g e t  a c q u i s i t i o n  o r  s p e c t r o s c o p i c  o b s e r v a t i o n s .  F e a t u r e s  
o f  t h i s  f u n c t i o n a l  a r e a  a r e  t h e  Observa t i on  C o n t r o l  Tab le  (OCT), t h e  O b s e r v a t i o n  Sequence 
Tab le  (OST), and t h e  Ground C o n t r o l  Observa t i on  Sequence Tab le  (GC/OST). The OCT 
c o n t a i n s  n e a r l y  a l l  t h e  i n f o r m a t i o n  necessary t o  conduct  an o b s e r v a t i o n ,  i n c l u d i n g  t h e  
d e s i r e d  c o n f i g u r a t i o n  of  t h e  spec t rograph,  t h e  s p e c i f i c a t i o n s  f o r  d e t e c t o r  subs tepp ing ,  
exposure  meter c o n t r o l ,  bad d a t a  r e j e c t i o n ,  e. An e x c e p t i o n  is  t h e  t a r g e t  c o o r d i n a t e s ,  
s i n c e  t h e  HRS f l i g h t  s o f t w a r e  i s  i nvoked  t o  conduct  an o b s e r v a t i o n  o n l y  a f t e r  t h e  ST has 
l o c k e d  on t h e  g u i d e  s t a r s .  The HRS so f tware  may r e q u e s t  s m a l l  maneuvers of  t h e  ST i n  t h e  
v i c i n i t y  o f  t h e  t a r g e t ,  b u t  n o t  a s lew t o  t h e  n e x t  t a r g e t .  The OST i s  a b u f f e r  t h a t  
c o n t a i n s  t h e  i n f o r m a t i o n  needed t o  f i l l  t h e  OCT f o r  each o f  many o b s e r v a t i o n s  i n  a 
sequence (one a t  a t i m e ) .  The OST i s  loaded from t h e  de layed  command p r o c e s s o r  o f  t h e  ST 

f r o m  t h e  ground when a l i n k  t o  t h e  spacec ra f t  i s  a v a i l a b l e .  
a "skip-aheadlg va lue,  and i n f o r m a t i o n  i n  t h e  same format as t h e  OST, a l t h o u g h  t h e r e  i s  
room f o r  o n l y  a f e w  o b s e r v a t i o n  s p e c i f i c a t i o n s .  When a l i n k  i s  a v a i l a b l e ,  t h e  GC/OST 
a l l o w s  t h e  observer  on t h e  ground t o  a d j u s t  t h e  program o f  exposures on t h e  c u r r e n t  
t a r g e t  i n  response t o  an e v a l u a t i o n  o f  data r e c e i v e d  f r o m  t h e  HRS. The obse rve r  cannot  
i n t e r r u p t  an exposure i n  p r o g r e s s ,  b u t  can s e t  t h e  GC/OST a c t i v e  f l a g  so  t h a t  when t h e  
exposure  is completed, t h e  HRS f l i g h t  so f tware  w i l l  pe r fo rm t h e  o b s e r v a t i o n s  t h a t  have 
been newly loaded i n t o  t h e  GC/OST.  Having f i n i s h e d  these  new o b s e r v a t i o n s ,  t h e  f l i g h t  
s o f t w a r e  c o n t i n u e s  w i t h  t h e  o r i g i n a l  program o f  exposures on t h e  c u r r e n t  t a r g e t  ( i f  t h e  
a v a i l a b l e  t i m e - o n - t a r g e t  p e r m i t s ) ,  a f t e r  s k i p p i n g  ahead, when so commanded, t o  an 
o b s e r v e r - S p e c i f i e d  p o s i t i o n  i n  t h e  sequence o f  exposures  c o n t a i n e d  i n  t h e  OST. 

The t a r g e t  a c q u i s i t i o n  s o f t w a r e  i s  used t o  sea rch  f o r ,  c e n t e r  on, and/or  make a 
s p e c i f i e d  o f f s e t  t o  a t a r g e t .  Searches a r e  per fo rmed i n  a s p i r a l  p a t t e r n ,  one 2-arc-sec 
square  f i e l d  o f  v iew a t  a t i n e ,  w i th  a maximum s i z e  s p e c i f i e d  by t h e  obse rve r .  The 
p a t t e r n  i s  genera ted  one s m a l l  s l ew  (o f  1.8 a r c  sec )  a t  a t ime ,  by a s e r i e s  o f  r e q u e s t s  
f rom t h e  HRS f l i g h t  s o f t w a r e  t o  t h e  ST P l i g h t  e x e c u t i v e .  Un less  t h e  obse rve r  has  
s p e c i f i e d  o the rw ise ,  t h e  sea rch  t e r m i n a t e s  and s p e c t r o s c o p i c  o b s e r v a t i o n s  b e g i n  as soon 
as t h e  t a r g e t  i s  l o c a t e d  and has been cen te red  i n  t h e  d e s i r e d  e n t r a n c e  s l i t .  The t a r g e t  
a c q u i s i t i o n  s o f t w a r e  may a l s o  be used t o  map t h e  f i e l d  o f  v iew o r  t o  map a sea rch  a r e a  
c o n s i s t i n g  o f  a s e r i e s  o f  f i e l d s  o f  view. (However, t h e  maps a r e  n o t  ana lyzed  by t h e  
f l i g h t  s o f t w a r e ;  t h e y  a r e  o b t a i n e d  f o r  a n a l y s i s  by as t ronomers  on t h e  ground.)  The 
a c q u i s i t i o n  o f  s i m p l e  ( p o i n t - l i k e ) ,  s t a t i o n a r y  t a r g e t s  w i l l  g e n e r a l l y  be done 
autonomously under f l i g h t  s o f t w a r e  c o n t r o l .  U n l i k e  IUE, where t h e  images used f o r  t a r g e t  
a c q u i s i t i o n  a r e  c o n s t r u c t e d  i n  v i s i b l e  l i g h t  by t h e  IUE f i n e  e r r o r  sensor ,  HRS t a r g e t  
a c q u i s i t i o n  i s  conducted  i n  broadband u l t r a v i o l e t  l i g h t .  

a c q u i s i t i o n .  For example, an a rea  might  be  mapped under f l i g h t  s o f t w a r e  c o n t r o l ,  t h e n  

The program a l s o  genera tes  

The f u n c t i o n  o f  t h e  o b s e r v a t i o n  i n i t i a l i z a t i o n  programs i s  t o  c o n f i g u r e  t h e  HRS i n  

f l i g h t  exe:uti:.e program. The GC!"? is '!? 2 r e a  c!? memory t h a t  may he l o a d e d  d irect ly  
I t  c o n t a i n s  an a c t i v e  f l a g ,  

The t a r g e t  a c q u i s i t i o n  so f tware  can a l so  be used t o  suppor t  o b s e r v e r - i n t e r a c t i v e  t a r g e t  
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a f t e r  t h e  map i s  t r a n s m i t t e d  t o  t h e  ground, t h e  f l i g h t  so f tware  would a w a i t  f u r t h e r  
i n s t r u c t i o n s ,  such a s  an o b s e r v e r - i n i t i a t e d  r e q u e s t  t o  g e n e r a t e  an  o f f s e t  t o  an a d j a c e n t  
l o c a t i o n .  I n  t h e  even t  t h a t  a s o f t w a r e - c o n t r o l l e d  t a r g e t  a c q u i s i t i o n  p rocess  s h o u l d  f a i l  
( f o r  example, if no source  w i t h  f l u x  w i th in  o b s e r v e r - s p e c i f i e d  l i m i t s  i s  found i n  t h e  
s p e c i f i e d  sea rch  area) ,  t h e  f l i g h t  so f tware  i s s u e s  a r e p o r t  and a w a i t s  f u r t h e r  
i n s t r u c t i o n s .  I t  i s  a n t i c i p a t e d  t h a t  many t a r g e t s  i n  complex f i e l d s  and n e a r l y  a l l  ' 

moving t a r g e t s  w i l l  be a c q u i r e d  w i t h  t h e  a i d  o f  s u p p o r t i n g  o b s e r v a t i o n s  by t h e  WF/PC. 
The HRS, i t  i s  a n t i c i p a t e d ,  w i l l  be  o p e r a t e d  a lmos t  e x c l u s i v e l y  as a p r i m e  o p e r a t i n g  
i n s t r u m e n t ;  i t s  u t i l i t y  as a s e r e n d i p i t y  i n s t r u m e n t  i s  l i m i t e d  b o t h  by t h e  s m a l l  s i z e  o f  
t h e  e n t r a n c e  s l i t s  and by t h e  f a c t  t h a t  t h e  HRS f l i g h t  s o f t w a r e  canno t  o p e r a t e  w i t h  t h e  
l i m i t e d  NSSC-1 memory a v a i l a b l e  t o  an i n s t r u m e n t  i n  s e r e n d i p i t y  mode. 

a f t e r  t h e  o b s e r v a t i o n  i n i t i a l i z a t i o n  r o u t i n e s  have c o n f i g u r e d  t h e  spec t rog raph .  Among 
t h e i r  s p e c i f i c  tasks,  t h e  s c i e n c e  d a t a  a c q u i s i t i o n  programs z e r o  a l l  subs tep  s t o r a g e  
b i n s ,  p e r f o r m  computa t ions  and s e t  parameters  r e l a t e d  t o  t h e  d o p p l e r  s h i f t  c o r r e c t i o n s  
(see be low)  and superv i se  even t  parades  t h a t  de te rm ine  t h e  D i g i c o n  d e f l e c t i o n  c o o r d i n a t e s  
f o r  each ( t y p i c a l l y  200 ms) i n t e g r a t i o n  o f  an exposure.  Other  t a s k s  i n c l u d e  q u a l i t y  
checks on t h e  d a t a  frame produced by  each i n t e g r a t i o n  of  an  exposure ,  f o l l o w e d  by 
c o a d d i t i o n  and comb a d d i t i o n  i n t o  a p p r o p r i a t e  subs tep  b i n s .  O f  s p e c i a l  i n t e r e s t  t o  t h e  
obse rve r ,  t h e  sc ience  d a t a  a c q u i s i t i o n  programs i n c l u d e  exposure  meter  r o u t i n e s .  These 
a l l o w  t h e  astronomer t o  s p e c i f y  "overexposure"  and "underexposure" l i m i t s ,  i f  such a r e  
d e s i r e d .  The overexposure f e a t u r e  t e r m i n a t e s  an exposure  on a p a r t i c u l a r  wave length  when 
t h e  d e s i r e d  number of  c o u n t s  have been accumulated i n  a s p e c i f i e d  group o f  channe ls .  The 
underexposure  fea tu re  t e r m i n a t e s  an exposure  when i t  i s  de te rm ined ,  e a r l y  i n  t h e  
a n t i c i p a t e d  i n t e r v a l  o f  t h e  exposure,  t h a t  t h e  c o u n t  r a t e  i s  l e s s  t h a n  a s p e c i f i e d  l o w e r  
l i m i t .  I n  e i t h e r  case, when t h e  exposure  me te r  s o f t w a r e  t e r m i n a t e s  an o b s e r v a t i o n ,  t h e  
f l i g h t  so f tware  r e c o n f i g u r e s  t h e  HRS f o r  t h e  n e x t  p lanned  exposure  ( t y p i c a l l y ,  a t  a n o t h e r  
g r a t i n g  s e t t i n g )  and b e g i n s  expos ing  aga in .  Thus, optimum use can be made o f  t h e  
a v a i l a b l e  t i m e  on t a r g e t .  To t a k e  advantage o f  t h i s  c a p a b i l i t y ,  t h e  obse rve r  w i l l  want 
t o  s p e c i f y  a somewhat l o n g e r  l i s t  o f  s p e c t r o s c o p i c  exposures  t h a n  can a c t u a l l y  be 
accompl ished assuming t h a t  t h e  2 p r i o r i  exposure  t i m e  e s t i m a t e s  a r e  c o r r e c t .  Needless t o  
say, w i t h  u l t r a v i o l e t  astronomy c u r r e n t l y  a f o r e f r o n t  r e s e a r c h  a rea ,  such e s t i m a t e s  a r e  
r a r e l y  v e r y  accura te .  

The d o p p l e r  s h i f t  c o r r e c t i o n s  s u p e r v i s e d  by  t h e  HRS f l i g h t  s o f t w a r e  c o n s i s t  o f  p e r i o d i c  
s h i f t s  of  t h e  substep p a t t e r n  a l o n g  t h e  d i s p e r s i o n  d i r e c t i o n  t o  compensate f o r  t h e  change 
i n  t h e  wave length  o f  a s p e c t r a l  l i n e  i n  t h e  o b s e r v e r ' s  frame due t o  t h e  chang ing  v e c t o r  
o f  t h e  Space Te lescope 's  o r b i t a l  mo t ion .  T h i s  c o r r e c t i o n ,  wh ich  i s  needed o n l y  i n  t h e  
HRS h i g h  s p e c t r a l  r e s o l u t i o n  mode, a l l o w s  t h e  c o a d d i t i o n  programs t o  c o n t i n u e  t o  add 
coun ts  co r respond ing  t o  a s p e c i f i c  r e s t - f r a m e  wave length  i n t o  t h e  same s t o r a g e  b i n  d u r i n g  
a t i m e  exposure.  The f e a t u r e  can be d i s a b l e d  by  obse rve r  s e l e c t i o n .  

The " r e g u l a r l y  scheduled e v e n t s "  programs o f  t h e  HRS f l i g h t  s o f t w a r e  i n v o k e  i n s t r u m e n t  
s a f i n g  checks and dopp le r  s h i f t  c o r r e c t i o n s  once p e r  min, compute r a d i a t i o n  d i o d e  and 
a n t i - c o i n c i d e n c e  counter  c o u n t  t o t a l s  once eve ry  6 s, and r e c o r d  d i a g n o s t i c  f l i g h t  
s o f t w a r e  v a r i a b l e s  once eve ry  30 s. I n  a d d i t i o n ,  a S tandard  Header Packet dump i s  
reques ted  a t  t h e  beg inn ing  and end o f  each exposure.  

The s c i e n c e  da ta  a c q u i s i t i o n  s o f t w a r e  c o n t r o l s  t h e  a c t u a l  t a k i n g  o f  s p e c t r o s c o p i c  d a t a  

- 

I 

I 

I V .  S t a t u s  o f  t h e  HRS development Program 

The HRS i s  b e i n g  deve loped by  NASA-GSFC w i t h  B a l l  Aerospace Systems D i v i s i o n  (BASD) as 
t h e  p r i m e  c o n t r a c t o r  and w i t h  s c i e n t i f i c  d i r e c t i o n  by t h e  P r i n c i p a l  I n v e s t i g a t o r  
(J.C. B r a n d t ) ,  a s s i s t e d  by t h e  o t h e r  members ( C o - I n v e s t i g a t o r s )  o f  t h e  HRS I n v e s t i g a t i o n  
D e f i n i t i o n  Team and by  s c i e n t i s t s  l i s t e d  above as  members o f  t h e  HRS Exper iment  
Development Team. P r i n c i p a l  eng inee rs  i n  t h e  HRS program a t  GSFC and BAS0 compose t h e  
m a j o r i t y  o f  t h e  Exper iment Development Team. A n d r u l i s  Research C o r p o r a t i o n  i s  t h e  
r e s p o n s i b l e  c o n t r a c t o r  i n  t h e  a r e a  o f  s c i e n c e  d a t a  a n a l y s i s  s o f t w a r e .  * 

As o f  June 1982, v i r t u a l l y  a l l  HRS f l i g h t  components and subsystems have been 
completed. T e s t i n g  o f  t h e  two assembled f l i g h t  d e t e c t o r  subsystems i s  under  way and 
p l a n n i n g  f o r  l a b o r a t o r y  c a l i b r a t i o n  o f  t h e  assembled s p e c t r o g r a p h  i s  i n  an advanced 
s tage.  The f l i g h t  d e t e c t o r s  and t h e i r  per fo rmance c h a r a c t e r i s t i c s  a r e  l i s t e d  i n  
Tab le  4. The dark coun ts  can be compared wi th  ou r  d e s i g n  s p e c i f i c a t i o n  o f  0.01 coun ts / s ;  
e v i d e n t l y  i t  shou ld  be p o s s i b l e  t o  observe  much weaker sou rces  w i t h  t h e  HRS t h a n  was 
o r i g i n a l l y  a n t i c i p a t e d .  T h i s  i s  e s p e c i a l l y  i m p o r t a n t  f o r  spec t roscopy  of  e x t r a g a l a c t i c  
t a r g e t s .  I n  genera l ,  t h e  d e t e c t o r  t e s t  r e s u l t s  can be summarized a s  f o l l o w s :  d a r k  
coun ts  and d i s t o r t i o n  a r e  low, r e s o l u t i o n  i s  good, d i o d e  n o n u n i f o r m i t y  i b  l e s s  t h a n  1%, 
s i g n a l  l i n e a r i t y  i s  s a t i s f a c t o r y  and no  t r a n s i e n t  response p rob lems  have been found. 
Components used i n  t h e  d e t e c t o r  subsystem, i n c l u d i n g  permanent magnet focus assembl ies ,  
d e f l e c t i o n  c o i l s ,  and h i g h - v o l t a g e  r e s i s t o r s  a l l  meet o r  exceed t h e  d e s i g n  
s p e c i f i c a t i o n s .  The s u c c e s s f u l  c o m p l e t i o n  o f  t h e  v e r y  d i f f i c u l t  h y b r i d  c i r c u i t  



f a b r i c a t i o n  f o r  t h e  p r e a m p l i f i e r s  and p o s t a m p l i f i e r s  i s  e s p e c i a l l y  no tewor thy ,  as 
t e c h n i c a l  d i f f i c u l t i e s  were b o t h  a n t i c i p a t e d  and e x p e r i e n c e d  i n  t h e i r  development.  Among 
t h e  preamps, 64 f l i g h t  u n i t s ,  p r o v i d i n g  a t o t a l  o f  1024 i n d i v i d u a l  p r e a m p l i f i e r  c i r c u i t s  
f o r  t h e  two  O ig i cons ,  have passed acceptance t e s t s  and 4 f l i g h t  spa re  u n i t s  a r e  b e i n g  
f a b r i c a t e d .  O f  t h e  64 c o r r e s p o n d i n g  f l i g h t  postamp u n i t s ,  52 have been comple ted  and 
accepted ,  and ano the r  1 6  a r e  c u r r e n t l y  i n  p r o c e s s  o f  f a b r i c a t i o n .  

Tab le  4 

HRS F l i g h t  De tec to rs :  Summary o f  C h a r a c t e r i s t i c s  

C h a r a c t e r i s t i c  
D 1  

( C s I / L i F )  

1216 A 1473 A -- 
Quantum E f f i c i e n c y ( % )  16.3* 11.5 

Dark S i g n a l  
( coun ts  / s  / d i o d e  1 

3 x 10-4 

D i s t o r t i o n  (pm) - +15.5 

Photocathode 
Nonunif  o r m i  t y  (%I** 

Photocathode 
B lemish  (No. 1 

- +3 

0 

Diodes I n o p e r a b l e  2 

Mask/Oiode 
A l ignment  (deg )  

-1.8 

Mask/Oiode T i l t  (deg)  -0.5 

*Quantum E f f i c i e n c y  a t  1067 A i s  10.7%. 
**Peak d i f f e r e n c e  ac ross  s e l e c t e d  samp l ing  l i n e s .  

D2 
(CsTe/MgF2) 

1216 A 2537 A 

12.4 15.2 

-- 

1 x 10-3 

- +34 

+5 - 
6 

4 

+a. 44 

-0.16 

Because o f  our  concern  f o r  t h e  success fu l  performance o f  t h e  h y b r i i f  c i r c u i t s ,  t h e  
e l a b o r a t e  t e s t  p l a n  t o  wh ich  a l l  f l i g h t  u n i t s  a r e  s u b j e c t  i n c l u d e s  e l e c t r i c a l  
measurements, bond p u l l  t e s t s ,  96-hour b u r n - i n  p e r i o d s ,  l e a k  t e s t s ,  and  o t h e r  modes o f  
i n s p e c t i o n .  A p p r o p r i a t e  s c r e e n i n g  i s  conducted on t h e  open packages, d u r i n g  t h e  s e a l i n g  
sequence, and on t h e  f i n a l  c l o s e d  packages. 

A modest g r a t i n g  development program f o r  t h e  e c h e l l e  and f i r s t - o r d e r  g r a t i n g s  ( b o t h  
r u l e d  and h o l o g r a p h i c  f i r s t - o r d e r  g r a t i n g s  were f a b r i c a t e d )  has  been comple ted  and t h e  
f l i g h t  e c h e l l e  and o t h e r  g r a t i n g s  have been s e l e c t e d ;  t h e i r  c h a r a c t e r i s t i c s  a r e  
summarized i n  Tab le  1. The program d i d  n o t  succeed i n  d e v e l o p i n g  an e c h e l l e  o p t i m i z e d  
f o r  t h e  HRS; i n s t e a d ,  a s a t i s f a c t o r y  commercial  e c h e l l e  w i l l  be used. However, we were 
most encouraged by t h e  r e s u l t s  o f  b o t h  commerc ia l  and in -house  NASA-GSFC h o l o g r a p h i c  
f i r s t - o r d e r  g r a t i n g s  f a b r i c a t i o n  p r o j e c t s .  A l l  o p t i c a l  components have been f i n i s h e d  and 
most have been mounted on t h e  f i n i s h e d  g raph i te -epoxy  o p t i c a l  bench. O p t i c a l  a l i g n m e n t  
work i s  under  way. The Pt-Ne lamp s p e c t r a l  c a l i b r a t i o n  system, wh ich  i n c o r p o r a t e s  
ho l l ow-ca thode  lamps, o p t i c s ,  c i r c u i t r y  and mechan ica l  p a r t s ,  i s  n e a r l y  f i n i s h e d ,  and t h e  
f l a t  f i e l d  ( l ow  p r e s s u r e  Xe lamps) c a l i b r a t i o n  system i s  i n  an advanced s t a g e  o f  
c o n s t r u c t i o n .  

A l l  o f  t h e  HRS f l i g h t  mechan ica l  subsystems have been des igned  and most a r e  comple ted  
o r  i n  an advanced s tage  o f  c o n s t r u c t i o n .  D u r i n g  no rma l  f l i g h t  o p e r a t i o n s ,  t h e r e  w i l l  be 
o n l y  t w o  moving p a r t s  i n  t h e  HRS, a s h u t t e r  t o  c l o s e  t h e  l a r g e  e n t r a n c e  s l i t  ( t h e  s h u t t e r  
i s  f a i l - s a f e  "open") and t h e  g r a t i n g  c a r r o u s e l .  The g r a t i n g  c a r r o u s e l  ( F i g u r e  6 )  i s  t h e  
p r i m a r y  o p e r a t i n g  mechanism i n  t h e  HRS. I t  i s  used t o  s e l e c t  a c q u i s i t i o n  m i r r o r s  
a p p i i c a b l e  t o  v a r i o u s  t a r g e t  magn i tude ranges, t o  s e l e c t  t h e  e c h e l l e / d e t e c t o r  o r  
g r a t i n g / d e t e c t o r  c o m b i n a t i o n  a p p l i c a b l e  t o  any s p e c t r a l  mode, and t o  s e t  t h e  e c h e l l e  o r  
g r a t i n g  p o s i t i o n  r e q u i r e d  t o  observe  any d e s i r e d  wave length  i n  t h a t  mode. The s h u t t e r  
mechanism has  been comple ted  and t e s t e d .  The c a r r o u s e l ,  i t s  b e a r i n g s ,  encoder, motor  and 
s u p p o r t  s t r u c t u r e  have been t e s t e d ,  disassembled, a d j u s t e d ,  and reassembled, and have 
been v i b r a t i o n - t e s t e d .  
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Figure 6 The ARS c a r r o u s e l  mounted on  a vibrat ion f ixture  with dummy Optics. 

Engineer ing  t e s t  data show t h a t  t h e  c a r r o u s e l  p o s i t i o n i n g  sho r t - te rm r e p e a t a b i l i t y  i s  - +0.1 a r c  sec o f  r o t a t i o n ,  which corresponds t o  2 0 . 0 5  p i x e l s  i n  t h e  spectrum, a f a c t o r  o f  
10 b e t t e r  than our  s p e c i f i c a t i o n .  Once p o s i t i o n e d ,  peak-to-peak shor t - te rm s t a b i l i t y  o f  
t h e  c a r r o u s e l  is  also 20.1 arc  see, and t h e  s t a b i l i t y  over  30 min i s  0 . 2 5  a r c  sec, a 
f a c t o r  o f  two .bet ter  t han  our  s p e c i f i c a t i o n .  
used t o  d r i v e  an aper ture door and two vent  doors. These doors a r e  opened a f t e r  launch 
and then  a r e  no t  exerc ised u n t i l  such t ime  as t h e  HRS might  be s e r v i c e d  by an as t ronau t  
or  be brought  back t o  t h e  ground. 
motor-gearheads requ i red  f o r  t h e  d r i v e s  a r e  be ing  fab r i ca ted .  

The o n l y  o t h e r  mechanisms i n  t h e  HRS a r e  

The door d r i v e  mechanisms have been designed; 
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High  v o l t a g e  s u p p l i e s  f o r  t h e  d e t e c t o r s  have been f a b r i c a t e d  and encapsu la ted .  They 
s a t i s f a c t o r i l y  passed f u n c t i o n a l ,  t he rma l  and corona t e s t s .  Low v o l t a g e  power s u p p l i e s  
f o r  t h e  HRS e l e c t r o n i c s  have been designed and e n g i n e e r i n g  models have passed t e s t .  
Assembly work on t h e  f l i g h t  u n i t s  i s  under way. The d e t e c t o r  e l e c t r o n i c s  box, wh ich  
i n c o r p o r a t e  t h e  p o s t a m p l i f i e r  c i r c u i t s ,  i s  b e i n g  f a b r i c a t e d .  The main e l e c t r o n i c s  box 
has passed breadboard  t e s t i n g  and t h e  co r respond ing  f l i g h t  boards  have been f a b r i c a t e d  
and t e s t e d .  A l l  f l i g h t  c a b l e s  have been des igned and a r e  c u r r e n t l y  b e i n g  f a b r i c a t e d  w i th  
t h e  a i d  o f  a wooden mockup of  t h e  HRS. 

We a r e  c u r r e n t l y  d e v o t i n g  c o n s i d e r a b l e  a t t e n t i o n  t o  t h e  s u b j e c t  o f  c o n t a m i n a t i o n  
c o n t r o l .  T h i s  i s  e s p e c i a l l y  i m p o r t a n t  for an  u l t r a v i o l e t  i n s t r u m e n t .  The g raph i te -epoxy  
HRS o p t i c a l  bench i s  m a i n t a i n e d  i n  a s u i t a b l y  c o n t r o l l e d  env i ronment  ( t h e  bench i s  
c o n t i n u o u s l y  purged w i th  d r y  n i t r o g e n ,  which m a i n t a i n s  a r e l a t i v e  h u m i d i t y  o f  l e s s  t h a n  
10% d u r i n g  p e r i o d s  when t e c h n i c i a n s  a re  not  work ing  w i t h  i t )  and we a r e  m o n i t o r i n g  t h e  
water  c o n t e n t  o f  t h e  bench m a t e r i a l  and m o l e c u l a r  d e p o s i t s  a t  t h e  s u r f a c e  on a r e g u l a r  
b a s i s .  S p e c i f i c a l l y ,  m o l e c u l a r  con taminants  a r e  k e p t  a t  or  below 0.5 m i l l i g r a m s  pe r  
square  f o o t .  P a i n t s  p roposed f o r  t h e r m a l  c o n t r o l  on t h e  permanent magnet f o c u s  
assemb l ies  a r e  b e i n g  e v a l u a t e d  under l a b o r a t o r y  c o n d i t i o n s  f o r  t o t a l  w e i g h t  l o s s  and 
vacuum condensab le  m a t e r i a l .  The gaske t  m a t e r i a l  for  t h e  i n s t r u m e n t  e n c l o s u r e  cove r  s e a l  
has been t e s t e d  f o r  c o n t a m i n a t i o n  aspec ts  and found accep tab le .  S i m i l a r  t e s t s  a r e  
schedu led  f o r  t h e  v e n t  and a p e r t u r e  door mechanisms. 

The f l i g h t  s o f t w a r e  has been completed. A few m o d i f i c a t i o n s  a r e  i n  p r e p a r a t i o n  f o r  
submiss ion  t h r o u g h  t h e  c o n f i g u r a t i o n  c o n t r o l  p rocess  and a f l i g h t  s o f t w a r e  
u s e r / o p e r a t o r ' s  manual is  b e i n g  completed. Sof tware  f o r  ground t e s t i n g  o f  t h e  HRS i s  
b e i n g  w r i t t e n ;  a p r e l i m i n a r y  d e s i g n  w i l l  be comple ted  i n  t h e  f a l l  o f  1982, w i t h  t h e  f i n a l  
s o f t w a r e  due i n  January 1983. 

An e x t e n s i v e  r e q u i r e m e n t s  document f o r  t h e  HRS I n v e s t i g a t i o n  D e f i n i t i o n  Team s c i e n c e  
d a t a  a n a l y s i s  s o f t w a r e  has  been completed and t h e  s o f t w a r e  i t s e l f  i s  b e i n g  w r i t t e n .  
A l ready ,  some programs s u i t a b l e  f o r  q u i c k - l o o k  d a t a  a n a l y s i s  d u r i n g  l a b o r a t o r y  t e s t s  o f  
t h e  HRS have been completed. We i n t e n d  t o  make t h e  d a t a  a n a l y s i s  s o f t w a r e  a v a i l a b l e  t o  
t h e  ST Sc ience  I n s t i t u t e  and we a r e  encourag ing  t h e  c o g n i z a n t  a u t h o r i t i e s  t o  make t h e s e  
programs a v a i l a b l e  t o  Genera l  Observers i n  t h e  ST Sc ience Data  A n a l y s i s  System. 

The c a t e g o r i e s  o f  HRS s c i e n c e  d a t a  a n a l y s i s  s o f t w a r e  under development a re :  s p e c t r a l  
d a t a  a n a l y s i s ,  t a r g e t  a c q u i s i t i o n  suppor t  and d a t a  a n a l y s i s ,  q u i c k - l o o k  a n a l y s i s ,  
c a l i b r a t i o n ,  r e d u c t i o n ,  p o s t - r e d u c t i o n  a n a l y s i s ,  and performance a n a l y s i s .  The s o f t w a r e  
w i l l  be implemented i n  t h e  IUE R e g i o n a l  Data A n a l y s i s  F a c i l i t y  a t  NASA-CSFC i n  a d d i t i o n  
t o  b e i n g  s u p p l i e d  t o  t h e  ST Sc ience I n s t i t u t e .  A d a t a  management system i s  p r o v i d e d  t o  
a l l e v i a t e  paperwork,  a l l o w  t i m e l y  p r o c e s s i n g  o f  da ta ,  and reduce t h e  chance o f  o p e r a t o r  
e r r o r .  The system makes use o f  a merged o b s e r v i n g  l o g  t h a t  shows t h e  p r o c e s s i n g  s t a t u s  
o f  HRS o b s e r v a t i o n s  and t h a t  i n c o r p o r a t e s  c a i i b r a t i o n  i i b r a r i e s  For t n e  a u t o m a t i c  
s e l e c t i o n  o f  a p p r o p r i a t e  c a l i b r a t i o n  f i l e s .  

as unsc ramb l ing  t h e  d e t e c t o r  channe l  p a t t e r n s ,  d i s p l a y  o f  e n g i n e e r i n g  da ta ,  d i s p l a y  o f  
t h e  s c i e n c e  d a t a  i n  te rms  o f  coun ts  & channe l  number, and c rude  r e d u c t i o n s .  Among t h e  
r e d u c t i o n  processes  a r e  response l i n e a r i z a t i o n  by means o f  a n a l y t i c  fo rmulae ,  d i o d e - t o -  
pho toca thode  p o s i t i o n  mapping by a s imple fo rmu la ,  c o r r e c t i o n  f o r  d i o d e  n o n u n i f o r m i t i e s  
by r e f e r e n c e  t o  a s u i t a b l e  updated t a b l e ,  C o r r e c t i o n  f o r  pho toca thode  n o n u n i f o r m i t i e s  
( a l s o  wi th  a t a b l e ) ,  background s u b t r a c t i o n  ( e i t h e r  by subs tep  b i n  s u b t r a c t i o n  or  by use 
o f  background d i o d e  c o u n t s ) ,  wave length  s c a l e  d e t e r m i n a t i o n  w i t h  a n a l y t i c  fo rmulae ,  
e c h e l l e  r i p p l e  c o r r e c t i o n s  by fo rmulae ,  and c o r r e c t i o n  f o r  t h e  t o t a l  ST + HRS wave length-  
dependent s e n s i t i v i t y ,  a l s o  by approximate f o r m u l a .  The reduced d a t a  a r e  d i s p l a y e d  o r  
w r i t t e n  as  d e s i r e d .  F i n a l  d a t a  r e d u c t i o n  i n v o l v e s  s i m i l a r  and a d d i t i o n a l . t a s k s ,  b u t  does 
n o t  i n v o k e  approx ima t ions  when p r e c i s e  c a l i b r a t i o n  i n f o r m a t i o n  i s  a v a i l a b l e .  

F o r  q u i c k - l o o k  a p p l i c a t i o n s ,  t h e  HRS sc ience  d a t a  a n a l y s i s  s o f t w a r e  p e r f o r m s  such t a s k s  

L a b o r a t o r y  c a l i b r a t i o n  (Proposed p l a n  bv 0. Ebbets )  

P r e l i m i n a r y  p h o t o g r a p h i c  s t u d i e s  i n  suppor t  o f  t h e  c a l i b r a t i o n  program a r e  under way. 
The expec ted  t e s t  env i ronment  d u r i n g  l a b o r a t o r y  c a l i b r a t i o n  o f  t h e  f u l l  1024-channel  ( t w o  
d e t e c t o r s )  f l i g h t  s p e c t r o g r a p h  i n c l u d e s  t h e  f o l l o w i n g  elements:  a c t i v e  t h e r m a l  c o n t r o l  
o f  t h e  HRS o p t i c a l  bench; f l i g h t  so f tware  c o n t r o l ;  q u i c k - l o o k  a n a l y s i s  i m m e d i a t e l y  a f t e r  
each t e s t ;  h a r d  vacuum whenever t h e  f u l l  h i g h  v o l t a g e  i s  on a d e t e c t o r ;  s p e c t r o g r a p h  
mounted on an a i r - s u p p o r t e d ,  i s o l a t e d  t a b l e ;  c r i t i c a l  t e s t s  done a t  n i g h t  when b u i l d i n g  
v i b r a t i o n s  a r e  m in ima l ;  an ST s i m u l a t o r  t o  emu la te  t h e  imag ing  p r o p e r t i e s  o f  t h e  ST 
O p t i c a l  Te lescope Assembly ; u l t r a v i o l e t  c a l i b r a t i o n  sources ,  p r o v i d i n g  t h e  s p e c t r a  o f  P t  , 
Hg, A r ,  Xe, *; a v a i l a b i l i t y  o f  an a b s o r p t i o n  c e l l ,  w i t h  u l t r a v i o l e t - t r a n s m i t t i n g  
windows, f i l l e d  w i t h  a p p r o p r i a t e  molecu la r  gases, such as  CO and NO. 
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C a l i b r a t i o n  t e s t s  of t h e  f l i g h t  Xe f l a t  f i e l d  lamps w i l l  i n c l u d e  measurements o f  t h e  
two-d imens iona l  i r r a d i a n c e  d i s t r i b u t i o n ,  checks  t o  v e r i f y  t h a t  t h e r e  i s  no v i g n e t t i n g ,  
and ad jus tmen ts ,  v i a  an i r i s ,  t o  c o n t r o l  t h e  i r r a d i a n c e  o f  each lamp so t h a t  t h e  d e s i r e d  
p h o t o n  f l u x ,  p roduc ing  a p p r o x i m a t e l y  7000 coun ts /s /d iode ,  i l l u m i n a t e s  t h e  d e t e c t o r  
photocathode.  The f l i g h t  wave length  c a l i b r a t i o n  lamps w i l l  be t e s t e d  t o  measure t h e  
o f f s e t s  f o r  t a r g e t  wave length  c a l i b r a t i o n  (wh ich  r e s u l t  from t h e  d i sp lacemen t  between t h e  
lamp e n t r a n c e  s l i t s  and t h e  t a r g e t  e n t r a n c e  s l i t s ) ;  t o  p roduce a t h o r o u g h  l i s t  o f  l i n e s  
measured a t  h igh r e s o l u t i o n ;  t o  de te rm ine  p r o f i l e s  o f  l i n e s ,  inc lud ing  e v a l u a t i o n  o f  
m u l t i p l e  components and background between l i n e s ;  and t o  s u p p o r t  s t u d i e s  o f  t h e  p o s s i b l e  
use o f  t h e  und ispe rsed  lamp image t o  m o n i t o r  t h e  f l u x  s e n s i t i v i t y  of t h e  HRS i n  t a r g e t  
a c q u i s i t i o n  (h, u n d i s p e r s e d  l i g h t )  modes. 

C a l i b r a t i o n  o f  t he  f l i g h t  d e t e c t o r  systems i n c l u d e s  t e s t s  and/or  d e t e r m i n a t i o n  o f  d a r k  
coun t ,  r e s o l u t i o n ,  d i s t o r t i o n  o f  fo rmat ,  s c a t t e r e d  l i g h t ,  u n i f o r m i t y  a c r o s s  i n d i v i d u a l  
d iodes ,  d iode - to -d iode  response, channe l - to -channe l  c r o s s t a l k ,  photocathode response 
s p a t i a l  v a r i a t i o n s ,  p a i r e d  p u l s e  c o r r e c t i o n s ,  and d e f l e c t i o n  s t a b i l i t y .  P r e l i m i n a r y  
r e s u l t s  o f  t h i s  program, a r e  as f o l l o w s .  The d a r k  c o u n t  has  a Po isson  d i s t r i b u t i o n .  
With a p o i n t  source  (<40pm) focused on a c e n t r a l  d iode ,  t h e  response ( n o r m a l i z e d  t o  t h e  
c e n t r a l  d i o d e )  o f  t h e  two a d j a c e n t  d i o d e s  i s  l e s s  t h a n  2% and t h e  response o f  t h e  
n e x t - t o - a d j a c e n t  diodes i s  l e s s  t h a n  0.1%. P a i r e d - p u l s e  c o r r e c t i o n s  a r e  found t o  
co r respond  t o  t h e o r e t i c a l  c a l c u l a t i o n s  v e r y  a c c u r a t e l y .  The d e f l e c t i o n  s t a b i l i t y  amounts 
t o  22 .1  mic rometers ,  or o n l y  113 substep, ove r  2.5 hr  a f t e r  a 20-min warm-up p e r i o d .  

R a d i o m e t r i c  c a l i b r a t i o n  t e s t s  w i l l  measure a b s o l u t e  s e n s i t i v i t y  ve rsus  wave length  f o r  
a l l  f i r s t  o r d e r  g r a t i n g  modes and e c h e l l e  b l a z e  f u n c t i o n  ( " e c h e l l e  r i p p l e " )  f o r  a l l  
a p p l i c a b l e  o r d e r s  and wavelengths.  A l l  o f  t h e  medium r e s o l u t i o n  g r a t i n g  modes w i l l  be 
i n t e r c a l i b r a t e d .  The day-to-day s t a b i l i t y  and r e p e a t a b i l i t y  o f  t h e  c a l i b r a t i o n  w i l l  be 
m o n i t o r e d  i n  t h e  l a b o r a t o r y  and checks on s e c u l a r  d e g r a d a t i o n  w i l l  be made. 

S p e c t r a l  p u r i t y  w i l l  be c a l i b r a t e d  by measur ing  t h e  r e s o l v i n g  power a t  s e v e r a l  
wave lengths  i n  each g r a t i n g  mode. L i k e w i s e ,  t h e  i n s t r u m e n t a l  p o i n t  spread f u n c t i o n  w i l l  
be measured as a f u n c t i o n  o f  wave length  i n  each mode. These t e s t s  w i l l  make use o f  t h e  
ST  s i m u l a t o r ,  s p e c t r a l  lamps t h a t  p r o v i d e  nar row e m i s s i o n  l i n e s ,  and t h e  m i n i - a r c  
( s h i n i n g  t h r o u g h  the  m o l e c u l a r  a b s o r p t i o n  c e l l ) .  S e v e r a l  a l t e r n a t e  s u b s t e p p i n g  p a t t e r n s  
w i l l  be used. 

The s t a b i l i t y  and r e p e a t a b i l i t y  o f  t h e  s p e c t r o g r a p h  w i l l  be t e s t e d  d u r i n g  l a b o r a t o r y  
c a l i b r a t i o n  t o  demonst ra te  compl iance w i th  t h e  s h o r t - t e r m  requ i remen ts ,  t o  measure t h e  
s e n s i t i v i t y  t o  the rma l  excu rs ions ,  and t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  l o n g - t e r m  
changes. T h i s  w i l l  be accompl ished by r e p e a t i n g  f u n c t i o n a l  t e s t s  o f  d a r k  c o u n t ,  f ocus  
and r e s o l u t i o n ,  p h o t o m e t r i c  s t a b i l i t y ,  and wave length  c a l i b r a t i o n  s t a b i l i t y ,  by making 
s p e c i a l i z e d  t e s t s  o f  t h e  d e t e c t o r  d e f l e c t i o n  when commanded t o  t h e  pho toca thode  mask edge 
f o r  about  an h o u r ,  and by m o n i t o r i n g  t h e  r e s u l t s  w i t h  t h e  c a r r o u s e l  and d e f l e c t i o n  
p o s i t i o n s  s e t  t o  p lace  one s p e c t r a l  l i n e  a t  a d e f i n e d  l o c a t i o n  f o r  a s i m i l a r  p e r i o d .  

Measurements o f  s t r a y  and s c a t t e r e d  l i g h t  d u r i n g  t h e  l a b o r a t o r y  c a l i b r a t i o n  program a r e  
des igned  t o  d e t e c t  s t r a y  l i g h t ,  t o  i n f l u e n c e  f i n a l  d e s i g n  and p lacement  o f  l i g h t  b a f f l e s ,  
t o  ensure  t h a t  v i g n e t t i n g  i s  avo ided ,  t o  measure r e s i d u a l  s t r a y  l i g h t  a f t e r  p lacement  o f  
b a f f l e s ,  t o  measure s e n s i t i v i t y  t o  v i s i b l e  l i g h t  ( i .e . ,  check t h e  s o l a r  " b l i n d n e s s " ) ,  t o  
demonst ra te  t h e  e f f e c t i v e n e s s  o f  t h e  o r d e r  s o r t i n g m t e r s  t h a t  a r e  used w i t h  one f i r s t  
o r d e r  g r a t i n g  and i n  one e c h e l l e  mode, t o  measure i n t e r o r d e r  background i n  e c h e l l e  modes 
and ou t -o f -p lane  background i n  o t h e r  g r a t i n g  modes, t o  c a l i b r a t e  t h e  l a r g e  d e d i c a t e d  
background d iodes ,  t o  measure n in -order ' '  s c a t t e r i n g  i n  a l l  s p e c t r a l  modes, and t o  sea rch  
f o r  v a r i a t i o n s  i n  any o f  t h e  above w i t h  t ime .  

i s  i m p o s s i b l e  t o  s i m u l a t e  t h e  i n t e r a c t i o n  w i th  t h e  ST, wh ich  w i l l  make s m a l l  a n g l e  
maneuvers as r e q u i r e d  by t h e  HRS f l i g h t  s o f t w a r e  d u r i n g  t h e  a c q u i s i t i o n  process .  
However, t h e  l a b  work w i l l  a t t e m p t  t o  demonst ra te  t h e  f u n c t i o n i n g  o f  t h e  a p p l i c a b l e  
f l i g h t  so f tware ,  t e s t  t h e  image-forming a l g o r i t h m s  used i n  d a t a  r e d u c t i o n ,  measure 
o r i e n t a t i o n s  and o f f s e t s  of  e n t r a n c e  s l i t s  i n  D i g i c o n  d e f l e c t i o n  u n i t s ,  c a l i b r a t e  t h e  
c o u n t  r a t e  y& i n c i d e n t  broadband u l t r a v i o l e t  f l u x  i n  a l l  f o u r  camera modes, and 
demonst ra te  t h e  a b i l i t y  t o  d i s c r i m i n a t e  f l u x  d i f f e r e n c e s  o f  0.5 magn i tude o v e r  a range  o f  
20 magnitudes. 

e lements ,  v a l i d a t e  and update t h e  wave length  l o o k u p  t a b l e  t h a t  i s  used t o  c o n f i g u r e  t h e  
HRS f o r  an obse rva t i on ,  p r o v i d e  t h e  wave length  & d i o d e  number c a l i b r a t i o n  needed f o r  
d a t a  r e d u c t i o n ,  and t r a n s f e r  t h e  e x t e r n a l  wave length  s c a l e  t o  t h e  f l i g h t  lamps. 

L a b o r a t o r y  c a l i b r a t i o n  o f  t h e  HRS t a r g e t  a c q u i s i t i o n  modes cannot  be comple te ,  s i n c e  i t  

Wavelength c a l i b r a t i o n  t e s t s  w i l l  v e r i f y  t h e  a l i g n m e n t  and focus  o f  t h e  o p t i c a l  
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Appendix A 

C a p a b i l i t i e s  o f  t h e  R = 100,000 Mode 

Many i m p o r t a n t  a s t r o p h y s i c a l  p rob lems r e q u i r e  r e s o l u t i o n s  o f  a p p r o x i m a t e l y  105 and we 
p r e s e n t  some examples. The f i r s t  concerns o b s e r v a t i o n s  o f  a b s o r p t i o n  l i n e s  i n  a 
s h a r p - l i n e d ,  c h e m i c a l l y  p e c u l i a r ,  e a r l y - t y p e  s t a r .  F i g u r e  A - 1  shows a s y n t h e t i c  spec t rum 
computed f o r  t h e  r e g i o n  around t h e  i o n i z e d  bo ron  l i n e  near  1362.5 A. F i g u r e  A-2 shows 
t h e  same spectrum degraded t o  t h e  r e s o l v i n g  power o f  I U E  W 6 3 =  1.2 x 104) .  C l e a r l y ,  
much of  t h e  i n t r i n s i c  i n f o r m a t i o n  is  l o s t .  F i g u r e s  A-3, A-4, and A-5 show t h e  same 
spec t rum as i t  shou ld  appear w i th  t h e  105 mode o f  t h e  HRS f o r  v a l u e s  o f  V s i n  i = 0, 3 ,  
and 6 km/sec, r e s p e c t i v e l y .  Most of  the s p e c t r a l  i n f o r m a t i o n  i s  r e t a i n e d  a t  t h e  h i g h e r  
r e s o l u t i o n  and t h e  use  o f  d e c o n v o l u t i o n  t e c h n i q u e s  may p e r m i t  r e c o v e r y  of  some o f  t h e  
r e s i d u a l  “ l o s t ”  i n f o r m a t i o n .  
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The second example concerns  o b s e r v a t i o n s  of  i n t e r s t e l l a r  l i n e s .  I n  F i g u r e  A-6, we p l o t  
L. Hobbs' (.1969) o b s e r v a t i o n s  o f  t h e  sodium 02 l i n e  i n  e p s i l o n  O r i o n i s  a t P / & B =  6 x 
105. A l so  shown i s  t h e  same i n f o r m a t i o n  degraded t o  r e s o l v i n g  powers o f  120,000 and 
22,000. A t  t h e  l o w e r  r e s o l v i n g  power, much o f  t h e  o r i g i n a l  i n f o r m a t i o n  i s  l o s t ,  b u t  a t  a 
r e s o l v i n g  power o f  a p p r o x i m a t e l y  100,000 ( h e r e  120,000) t h e  s t r u c t u r e  i s  m a i n t a i n e d .  

t I I I I 1 I I 1 
INTERSTELLAR SOOIUM 02 LINE IN ORi 

F i g u r e  A-6 P r o f i l e  o f  t h e  Na 02 l i n e  a t  s e v e r a l  r e s o l v i n g  powers. 

Appendix B 

" L i m i t i n g  Magnitude" Diagrams f o r  HRS S t e l l a r  O b s e r v a t i o n s  

D e t a i l e d  p l a n n i n g  o f  o b s e r v a t i o n s  should r e l y  on t h e  combined ST and HRS s e n s i t i v i t y  
c u r v e s  g i v e n  i n  F i g u r e  1. However, a q u a l i t a t i v e  i d e a  o f  t h e  s t a r s  w i t h i n  t h e  
c a p a b i l i t i e s  o f  t h e  HRS i s  a s t i m u l u s  f o r  c o n c e i v i n g  and p l a n n i n g  o b s e r v a t i o n a l  programs. 

F i g u r e  8 -1  ( a f t e r  J.B. H u t c h i n g s )  r e p r e s e n t s  a l i m i t i n g  magn i tude d iagram f o r  h o t  
s t a r s .  The i n t r i n s i c  magnitudes shown are i n  t h e  u l t r a v i o l e t .  The d iagram shows t h e  
r e l a t i v e  c a p a b i l i t i e s  o f  v a r i o u s  u l t r a v i o l e t  spec t rog raphs  f o r  a s p e c i f i e d  "p roper  

i n t r i n s i c a l l y  4 magn i tudes  f a i n t e r  t han  IUE. 
a s i m p l e  way. 

F o r  example, i n  t h e  R = 2 x l o 4  case, t h e  HRS can observe  s t a r s  

As i s  apparent ,  many g a l a c t i c  0 and B s t a r s  a r e  o b s e r v a b l e  a t  R = 105. 
I n t e r s t e l l a r  r e d d e n i n g  has been i n c l u d e d  i n  
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RELATIVE MAGNITUDE LIMITS FOR CONTINUUM 
OBSERVATIONS OF HOT STARS 

I 
I 
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10 
IUE (2 x 109 

( 2 x 1 0 9  
IUE (2 x lo9 

15 

20 

F i g u r e  8-1 L i m i t i n g  u l t r a v i o l e t  magnitude d iagram Par h o t  s t a r s  ( a f t e r  3.8. H u t c h i n g s ) .  

F i g u r e s  8-2, 8-3, 8-4, and 8-5 show l i m i t i n g  magn i tude d iagrams for  s t a r s  o f  
i n t e r m e d i a t e  tempera ture  a t  wave lengths  o f  1360 A, 1650 A, 1940 A, and 2500 A, 
r e s p e c t i v e l y  (prepared by D.S. Leckrone) .  The c r i t e r i o n  f o r  F i g u r e s  8-2, 8-3, 8-4, and 
8-5 is a c h i e v i n g  a S/N = 20 i n  a t h r e e - h r  i n t e g r a t i o n .  

ORIGINAL PAGE IS 
OF POOR QUALITY 
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F i g u r e  0-6 ( p r e p a r e d  by J.L. L i n s k y )  g i v e s  l i m i t i n g  magn i tudes  f o r  an e m i s s i o n  l i n e  i n  
v a r i o u s  c o o l  s t a r s .  The assumpt ions  used a r e  s t a t e d  on t h e  f i g u r e .  

MAGNITUDE LIMITS FOR OBSERVATION OF C IV 11W EMISSION 
LINE WITH SIN = 10 (OR C I 11657) IN SPECIFIED TIME 

FOR UNREDDENED STARS 
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s t a r s  (J.L. L i n s k y ) .  
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The High Speed Photometer for the Space Telescope 

R. C. Bless 

Astronomy Department, University of Wisconsin-Madison 
Madison, WI 53706 

and the HSP Investigation Team 

Introduction 

is yielding significant results concerning a variety of objects, such as cataclysmic 
variables and the non-radially pulsating white dwarf ZZ Ceti stars; the rings of Uranus were 
discovered by fast occultation photometry. These observations however, are affected in 
various ways by the earth's atmosphere which not only limits the observable spectral range, 
but also introduces scintillation noise which makes it difficult to search for variability 
at time scales less than about one second. Ground-based observations also require photo- 
meter apertures to be several arc seconds in diameter, thus increasing the contribution of 
the sky background to the signal, or in the case of occultations, increasing the amount of 
scattered light from the occulting object. An observatory in space, with excellent tele- 
scope optics and stable pointing system, is free from these limitations. The High Speed 
Photometer (HSP) exploits the capabilities of the ST by making photometric measurements 
over the visual and ultraviolet at rates up to lo5 Hz and by measuring very low amplitude 
variability (especially for hotter stars in the W). A secondary purpose of the instrument 
is to measure linear polarization in the near W .  

As an example of the striking improvement made possible by the ST, consider occultation 
observations. Although occultations from a space observatory occur more rapidly than those 
observed from the ground, the ST makes possible a large increase in the number of occulta- 
tion opportunities. This is so because the smaller photometry apertures which can be used 
on ST produce a much improved signal-to-noise ratio. Only a dozen or sostellar occultations 
useful for investigating planetary atmospheres have occurred over the past two or three 
decades; from ST the number should increase to one or two per year for each planet. 
Furthermore, ST offers the possibility of "stationary" occultations, i.e. twice during each 
orbit the moon appears to be nearly stationary with respect to the celestial sphere. 
Objects within a box approximately 005 x 0?03  occulted by the moon will be occulted more 
slowly than the same objects observed from the ground. Thus over about a twenty year period 
many objects which the moon occults will undergo a stationary occultation as seen from ST, 
enabling these events to be observed at a very high signal-to-noise ratio. 

electronics, its mechanical structure, and finally some observational considerations. 
This should enable the reader to understand enough of the capabilities and limitations of 
the HSP so that he or she can begin to consider various observing programs which might 
be carried out with this instrument. Information needed for detailed observational planning, 
e.g. filter transmission curves, will be available from the ST Science Institute at a later 
date. 

Ground-based high speed photometry has developed rapidly over the last decade or so and 

In what follows we will present an overview of the HSP, its optics and detectors, its 

ASP Detectors and Optics 
Figure 1 shows a sketch of the arranqement of the detectors and optics in the HSP. There 

are five detectors in the instrument - iour image dissector tubes and one photomultiplier 
tube. The former are ITT 4012RP Vidissectoa, two with CsTe photocathodes on MgF face- 
plates (sensitive from A1200 to X3000) and two with bialkali cathodes on quartz faceplates 
(sensitive from A1800 to about A7000). Each image dissector tube, its voltage divider 
network, and its deflection and focus coils are all contained in a double magnetic shield 
within the housing. The photomultiplier is a Hamamatsu R666S with a GaAs photocathode. 
Three of the image dissectors - the two CsTe and one of the bialkali tubes - are used for 
photometry. 
along with the bialkali photometry dissector are used for occultation observations. 
convenience, we will refer to the photometric, polarimetric, and occultation "modes", but 
in most respects the operation of the various detectors is identical. 

Light from the ST enters the HSP through one of 
three holes in its forward bulkhead. These holes are all centered on an arc about 8 arc 
min off-axis. 
on the dissector photocathode by a relay mirror - a 6- diameter off-axis ellipsoid located 
about 8000mn behind the ST focal surface. 
be made of the ST focal plane available to US 
more than two image dissectors could be placed directly in the focal plane. 

The second bialkali dissector is used for polarimetry, and the photomultiplier 
For 

Consider the photometric mode first. 

After passing through a filter and apertufe, the light is brought to a focus 

m e  relay mirrors enable a more efficient use to 
than would otherwise be possible, i.e. no 

The 

. 

c 
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Figure 1 

magnification of the relay mirrors is about 0.65 which converts the f/24 buiidle entering 
the HSP to an f/15.6 at the photocathode, with a corresponding change in scale from 3.58 
arc sec/mm to 5.54 arc sec/mm, respectively. The off-axis ellipsoids produce images at 
the photocathode which areqbout 0.25 arc sec in diameter. The actual intensity distri- 
bution at each image is some combination of the geometrical aberrations and ST point spread 
function. Since about 70% of the energy in an ST image falls within a circle whose diameter 
is 0.2 arc sec, it is reasonable to expect that the total image blur will be about C?- times 
larger than the geometric blur. 
sec in diameter. 
0.5 arc sec in diameter. 
uncertainties, led to the choice of 1.0 arc sec for the diameter of the second set of 
apertures. 

The only unusual feature of the HSP's Optical system is in its filter-aperture 
"mechanism" (see Figure 2) mounted behind each forward bulkhead entrance hole. Each plate 
contains thirteen filters mounted in two rows positioned 3 6 m  ahead of the ST focal plane. 
At this location the converging bundle of light from the ST is 1.5m in diameter, well 
within the 3mm width of each filter. For each filter plate there is an aperture plate 
located at the ST focal surface which contains 50 apertures arranged in two rows that are 
positioned directly behind the corresponding rows of filters. Nine of the filters are 
associated with four apertures - two with diameters of 1 arc sec ( 2 8 0 ~ )  and two with 
diameters of 0.4 arc sec (112~); because of space limitations, three more filters are 
associated with only three apertures. The thirteenth filter, of double width, has five 
associated apertures, including one of 10 arc sec diameter for object acquisition. The ST 
is commanded to point so that the objects' position in the ST focal plane coincides with 
the particular fi1ter-apert-e combination desired. Light from the object is then focussed 
on the dissector cathode by the relay mirror. 
focussed and deflected in the forward section of the image dissector SO that the photo- 
current is directed through a 1 8 0 ~  aperture (corresponding to 1 arc sec on the sky). 
aperture Connects the forward section of the detector with the 12 stage photomultiplier 

For this reason one set of HSP apertures was made 0.4 arc 
Images which encompass 90% or more of the energy, however, are more than 

Addition of the effects of worst case pointing jitter and other 

The resulting photoelectrons are magnetically 

This 
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sec t ion .  Thus w i t h  no moving p a r t s ,  27 d i f f e r e n t  f i l t e r - a p e r t u r e  combinations are a v a i l -  
a b l e  f o r  each photometry d e t e c t o r  i n  t h e  HSP. 

A l l  of t h e  f i l t e r s  a r e  mul t i - layer  i n t e r f e r e n c e  f i l t e r s  of A 1  and MgF2evaporated on 
MgF2substrates f o r  t h e  f a r  u l t r a v i o l e t ,  o r  on s u p r a s i l  qua r t z  f o r  t h e  near UV. The v i s u a l  
f i l ters c o n s i s t  of Ag and MgF2 l a y e r s  depos i ted  on g l a s s .  
are l i s t e d  i n  Table 1. Some f i l t e r s  a r e  common t o  a l l  t h r e e  photometry image d i s s e c t o r s  
for  t h e  sake  of redundancy a s  w e l l  a s  t o  enable a l l  t h r e e  channels t o  be t i e d  toge the r  
photometr ica l ly .  O t h e r  f i l t e r s  de f ine  bandpasses s i m i l a r  t o  those flown on previous space 
obse rva to r i e s  while y e t  o t h e r s  a r e  s i m i l a r  t o  some i n  t h e  Wide F i e l d  and F a i n t  Object  
Cameras. 

To ope ra t e  i n  the so-ca l led  o c c u l t a t i o n  mode, l i g h t  from t h e  t a r g e t  o b j e c t  passes 
through a f i l t e r  ( i n  t h i s  case  c l e a r  g l a s s )  and on through a 1 a r c  sec a p e r t u r e  a f t e r  
which it s t r i k e s  a Ag-MgF2beam s p l i t t e r  a t  45' t o  t h e  i n c i d e n t  beam. The mir ror  r e f l e c t s  
red  l i g h t  t d  t h e  photomultiplier v i a  a r e d  g l a s s  f i l t e r  and a Fabry l ens .  The beam 
S p l i t t e r  passes  a spectral band i n  t h e  b lue  on t o  a r e l a y  mi r ro r  and t o  an image d i s s e c t o r .  
Occul ta t ion  observations can t h e r e f o r e  be made a t  abou t  A8200 and A3200 simultaneously. 
S ingle  bandpass occu l t a t ion  observa t ions  can of course  be made wi th  any of t h e  f i l t e r -  
ape r tu re  combinations ava i l ab le .  

F i n a l l y  i n  t h e  polar imet r ic  mode r a d i a t i o n  (only about 4 arc min o f f - ax i s )  passes  
through a f i l t e r - a p e r t u r e  assembly d i r e c t l y  t o  t h e  image d i s s e c t o r ;  no r e l a y  mir ror  is 
used. The f i l t e r  assembly conta ins  only fou r  near  W f i l t e r s  (see Table 1) ac ross  which 
a r e  fou r  s t r i p s  of 3M Polacoat each wi th  its p o l a r i z i n g  a x i s  45O from its neighbor 's .  
The a p e r t u r e  p l a t e  contains one a r c  sec ape r tu re s  only ,  t w o  for each f i l t e r - p o l a r i z e r  
combination. Linear p o l a r i z a t i o n  a t  each of t h e  f o u r  bandpasses is measured by observing 
through each o f  t h e  four po la ro ids  i n  succession. 

Thei r  genera l  c h a r a c t e r i s t i c s  

. 
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Phot gne t r y 

FWHM 

1200 200 
1400 200 
1550 200 
1700 200 
1800 300 
2175 200 
2450 300 
2800 300 
1200-3000 
1800-3000 

- A - 

Table 1 

HSP Filters 

Photometry 

FWHM 

3400 (U) 
4100 (VI 
4700 (b) 
4860 HB 
5500 (Y) 
5500 V 
6200 R 
1800-7000 

- x - 

FWHM = full-width at half maximum transmission 

Polarimetry 

2175 200 
2450 300 
2800 300 
3400 300 

Electronics 
Figure 3 shows a block diagram of the HSP electronics. All five detectors have identical 

electronic subsystems with the obvious exception of the photomultiplier, which does not 
have amplifiers to drive focus and deflection coils needed in the image dissectors. The 
high voltage power supplies are 8-bit programmable to provide negative DC voltages between 
1500 and 2500 volts for the detectors. One benefit of this programmability is that it 
provides a means of extending the dynamic range of the detectors in their analog (current- 
measuring) mode. The preamplifiers, located near their respective detectors, provide a 
voltage gain of about 7. Their output is received by pulse amplifier/discriminators which 
amplify and detect pulses above a threshold set by an 8-bit binary control input, enabling 
the signal-to-noise ratio to be optimized for any high voltage setting. All detectors can 
be operated in either a pulse counting or current mode. In the former mode data can be 
taken in integration times as short as lOusec, commandable in l w e c  intervals to any longer 
time. The delay time between successive integrations can be any value, including zero. 
Pulses separa ed by about 50nsec or more can be separately detected so that count rates 
of up to 2xlOf Hz can be accomodated with a dead-time correction of no more than one per- 
cent. In the analog mode a current-to-voltage converter measures detector current outputs 
over a range of 1 nA to lOuA full scale in 5 decade gain settings selectable by discrete 
command inputs. Full scale output is 10 V. The amplifier output is converted to a 12-bit 
digital value by an A/D converter. The shortest observation times range from 4ms in the 
1 nA range to 0.4ms in the 10uA range. 

fic detector, i.e. they receive a sequence of parameters and instructions from the system 
controller necessary for an observation and science data collection. Each contains an 
1/0 port, a storage latch, two pulse counters, and a multiplexer. Detector parameters are 
received from the system controller through the 1/0 port and are stored in eight one-byte 
latches. These latch outputs are used to control focus and deflection amplifiers, high 
voltage power supplies, discriminator thresholds, analog gain settings, etc. A 1.024 MHz 
clock signal, received through the 1/0 port, supplies a signal to the A/D converter and 
synchronizes sampling start and stop control signals to the two pulse counters. It can 
also be used as a test input to the counters. The outputs of the two pulse counters, the 
A/D converter, and the eight one-byte latches are multiplexed and transmitted through the 
detector controller bus 1/0 port to the system controller. 

As its name implies, the system controller's functions have to do with the instrument 
as a whole rather than with a specific detector. These functions include serial command 
decoding and distribution, detector controller programming, science data acquisition and 
formatting, serial digital engineering data acquisition and formatting, and interfacing 
with the ST command and data handling system through redundant remote modules and re- 
dundant science data interfaces. The system controller consists of an Intel 8080 
microprocessor, memory ,  and various 1/0 ports. Direct memory access is provided to allow 
rapid data transfer through the science and engineering data ports, and for acquisition 
of science data from the detector controllers and rapid storage in memory. 
ROM block is provided for the microprocessor program storage. 
composed of six 4K blocks of RAM which may be configured in any order. 
are allocated for the microprocessor system, 16K as a buffer for science data storage, and 
4K as spare block. Each buffer can be used independently or alternately in sequence. The 
spare block may be used to replace any other 4K block which becomes defective. In contrast 
to the detector controllers, the system controller is dual standby redundant. 

The five identical detector controllers perform those functions which relate to a speci- 

An 8K byte 
The remaining memory is 

Four K of the RAM 
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The power converter and distribution system converts the input +28v DC bus power from 
the ST to secondary DC outputs required by all other subsystems and provides power input 
switching and load switching for independent operation of individual detector electronics 
and heaters. The DC-DC converters essential to overall instrument operation are standby 
dual redundant. Converters which power electronics associated with only one detector are 
not redundant. With three detectors and their electronics on simultaneously the power 
consumption is about 135W. 

HSP Structure 
The HSP is aligned and supported in the ST at three registration points (see Figures 

4 and 5). Two of these (one forward and one aft) have ball-in-socket fittings, and the 
third point (in the forward bulkhead) provides tangential (rotational) restraint. The 
mechanical loads (including a pre-load to keep the HSP in alignment) are transmitted from 
the instrument to the telescope structure through the three registration points. The two 
ball-in-socket fittings, the electronics boxes, and the optical and detector system are all * 
mounted directly to a box beam and baseplate, the main structural elements of the HSP. 
box beam runs the length of the instrument thereby connecting the two forward and aft 
fittings and carries the preload. 
is attached to the box beam and provides stiffness to the structure. Four internal bulk- c 
heads on each side of the box-beam and baseplate form ten bays for the electronic boxes 
which are mounted on the baseplate. In addition to giving mechanical support to the 
electronics and to the wire harness, the baseplate provides a high conductance path 
between electronic modules as well as a radiating surface. 
mounted to (but thermally isolated from) the box-beam on the side opposite the baseplate, 
and at the forward end of the instrument. 
expected to range in temperature between -15OC and O°C for "cold" and "hot" orbits, re- 
spectively. 
total weight of the HSP is 273 kg. 

The 

The baseplate (actually a milled-out lattice structure) 

The optics and detectors are 

Detectors are not actively cooled and are 

Over an orbit their temperatures will change by no more than 0.loC. The 

Observing with the HSP 
Consider now an observation one could make with the HSP. Suppose it is desired to do 

photometry on a star in several wavelength bands in the ultra-violet. 
program (including the required guide stars), planned well ahead of time according to a 
schedule to be established by the ST Science Institute, will be translated to the appro- 
priate ST and HSP commands, checked to see that no operational constaints are violated, 
and transmitted to the ST where it will be stored until the specified execution time. 
The ST will then acquire the guide stars in such a way that the program star falls within 
the 10 arc sec aperture of the specified image dissector. A 20 x 20 raster scan is 

The observing 
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performed by the dissector. If the star field is simple so that the program star is the 
brightest object or the only object within a specified magnitude interval, the centroid 
location of the star is found automatically and the correct offset to the first filter- 
aperture combination is calculated. This offset is passed to the ST pointing control system 
and the small maneuver is carried out. The program star is now in the correct aperture, 
the detector parameters properly set, and the observation begins. 
the sky background is required, it can be made through one of the three other apertures 
corresponding to the same filter. Apertures in a given row are 7.5 arc sec apart so 
generally one aperture should be suitably located for a background measurement. The ST 
pointing is not changed; the dissector is simply commanded to collect photoelectrons from 
the point on the photocathode corresponding to the selected sky aperture. 

In many instances the HSP will not require the pointing stability of which the ST is 
capable, e.g. when doing photometry on a bright star for which integration times are short. 
It may then be possible to carry out a photometry sequence with the desired filter-aperture 
combination under gyroscopic control rather than under the control of the full fine 
guidance system. This would shorten considerably the time required to carry out such 
observations. This anG other operational possibilities, e.g. observing while the ST 
passes through the trapped radiation in the South Atlantic Anomaly, will have to be 
investigated after launch. 

to another is about one msec. 
shorter than that two alternatives are available: either background observations can be 
taken before and after the high speed data run, or if a second dissector contains a filter 
identical with or relatable to the filter used for the program star, two dissectors can 
collect data simultaneously, one from the star, one.from the sky, with integration times 
for each detector as short as 14 us. This is only slightly slower than the 3hortest 10 us 
integration time possible when only one detector is collecting data. The 10 Hz data 
collection rate (in which a data word is 8 bits long rather than the usual 16) would fill 
the HSP buffers in only 0.16 sec. However, data at this rate can be transferred contin- 
uously to the on-board tape recorder for about 15 minutes where it will be stored until 
its contents are transmitted to the ground. 

the time, however, it is expected that it will be possible to make interactive observations 
in real-time. This will be useful in many circumstances. For example, if the program star 
is in a crowded field it may not be possible to acquire it by means of the automatic 
finding routine described earlier. Instead, the raster scan would be displayed on the’ 
ground where the observer would indicate the program object with a cursor after which its 
position would be transmitted to the ST. A l s o ,  in real timeone could change an amplifier 
gain or command a move to another filter-aperture combination should it be desirable to 
do so. Of greatest interest, perhaps, is the possibility of moving to another target 
star if, for example, the first one was in a quiescent rather than an active phase. In 
any case, a l l  such changes must be checked beforehand to insure that no spacecraft con- 
straints are violated by any of the possible program options. Furthermore, the end point 
of a series of real-time observations must be fixed in position and time regardless of 
whatever intervening adjustments are made. Despite these restrictions this mode should be 
of considerable use to HSP users interested in observing flare stars, etc. 

The HSP contains no calibration lamps; its final radiometric calibration will be es- 

If a measurement of 

The minimum time required for the image dissector beam to be deflected from one location 
Should star and sky data be required at integration times 

Most observations will be made by commands stored on-board the ST. About 10-15% of 

tablished by observing stars with known spectral energy distributions. 
the instrument’s sensitivity can be gotten from the specification that in 2000 sec it be 
able to measure a 24m star in the V band with a signal-to-noise ratio of 10. 
dissector dark counts and currents are less than O.l/sec and 1 PA, respectively. 

A good estimate of 

Typical image 

Several data processing routines are being developed to aid BSP observers. All of these 
may be used during real-time observing episodes as well as after the normal observational 
mode. They include converting the observed digital or analog signals to relative or abso- 
lute fluxes, background subtraction, data smoothing, determination of color indices, etc. 
Various data processing operations will be available for use on time series data, e.g. 
synchronous co-addition, fast Fourier transform, and auto-correlation routines. 

The HSP is the simplest of the instruments on the Space Telescope. It has, however, 
certain unique capabilities which we hope astronomers fully exploit in the years ahead. 
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Astrometry w i t  t h e  

ABSTRACT 

,ace Telescope (ST) is performed using one o t h e  --ne Guidance 
Sensors (FGS). The FGS, which is based on a p a i r  of Koester's- prism -. i terferometers,  one .. 
f o r  each a x i s ,  is capable of measuring t h e  p o s i t i o n  of one o b j e c t  r e l a t i v e  t o  another  with 
an accuracy of 0.002 arcseconds.  Astrometric Data Reduction Software (ADRS), which w i l l  be 
a v a i l a b l e  t o  t h e  a s t rome t r i c  user  of ST, is descr ibed.  F i n a l l y ,  w e  d i s c u s s  t h e  kinds of 
problems t h e  Space Telescope Astrometry Team p lans  t o  i n v e s t i g a t e  using ST. 

Astrometr ic  Observations with t h e  Space Telescope 

The NASA/ESA Space Telescope (ST) w i l l  have t h e  c a p a b i l i t y  o f  measuring r e l a t i v e  
p o s i t i o n s  of Stars within its f i e l d  of V i e w  with an accuracy of 0.002 arcseconds rms. The 
magnitude range of ST astrometry is from 9-17 without f i l t e r s ,  and may be extended t o  about 
t he  4% magnitude with f i l t e r s .  The a s t rome t r i c  measurements a r e  made with the Fine 
Guidance Sensors (FGS). Two of t h e  FGS a r e  used t o  c o n t r o l  t h e  point ing of t h e  Space 
Telescope, and the  thirdl-TS (which may be any one of t h e  t h r e e )  w i l l  be a v a i l a b l e  f o r  
a s  t r ome t r i c measurements . 

Each FGS views a 90' sector of an annulus comprising t h e  o u t e r  po r t ion  of t h e  ST f o c a l  
plane (Figure 1 ) .  Each s e c t o r  of t h e  annulus w i l l  henceforth be r e f e r r e d  t o  a s  a "pickle";  
each p i c k l e  is four arcminutes wide with a maximum chord l eng th  of about 18 arcminutes.  
The quoted measurement accuracy r e f e r s  t o  t h e  r e l a t i v e  p o s i t i o n s  of two o b j e c t s  v i s i b l e  i n  
t h e  same pickle .  

A schematic diagram of t h e  FGS is shown i n  Figure 2 .  Each FGS c o n t a i n s  an o p t i c a l  beam 
s p l i t t e r ,  t w o  orthogonal Koester ' s  prism in t e r f e romete r s  (one f o r  each a x i s )  and t h e i r  
a s soc ia t ed  photomult ipl ier  tubes.  Two beam d e f l e c t o r s ,  c a l l e d  " s t a r  s e l e c t o r s " ,  r o t a t e  t o  
br ing t h e  l i g h t  from an o b j e c t  anywhere i n  t h e  FGS f i e l d  of view i n t o  t h e  3-arcsecond 
square a p e r t u r e  of the  FGS d e t e c t o r  assembly. I f  t h e  o b j e c t  is e x a c t l y  on t h e  a x i s  of t h e  
in t e r f e romete r ,  t he  s i g n a l  from each of t h e  two photomul t ip l ie rs  assoc ia ted  with t h a t  a x i s  
w i l l  be equal ,  and t h e  d i f f e r e n c e  of t h e  two s i g n a l s  w i l l  be zero. I f  t h e  o b j e c t  is o f f -  
a x i s ,  t h e  d i f f e rence  provides  a non-zero e r r o r  s i g n a l  t h a t  measures how f a r  o f f - a x i s  t h e  
o b j e c t  is. C i rcu i t ry  within t h e  FGS i t s e l f  then r e p o s i t i o n s  t h e  s t a r  s e l e c t o r s  and b r ings  
t h e  o b j e c t  back onto t h e  in t e r f e romete r  a x i s ,  n u l l i n g  t h e  e r r o r  s i g n a l .  The r e l a t i v e  
p o s i t i o n  of t w o  ob jec t s  i n  t h e  FGS f i e l d  of view can be c a l c u l a t e d  from t h e  ang le s  e A ,  8B, 
beA,  and beB shown in Figure 3, which a r e  given by t h e  s t a r  selector pos i t i ons .  

When used a s  a n  astronomical instrument,  t h e  FGS h a s  s e v e r a l  modes of operat ion.  In  t h e  
lock-on mode, t h e  interferometers  a r e  success ive ly  nu l l ed  on d i f f e r e n t  o b j e c t s  wi th in  t h e  
same pickle .  From t h e  s ta r  s e l e c t o r  readings,  t h e  r e l a t i v e  p o s i t i o n s  of t h e  o b j e c t s  a r e  
obtained. Secondly, t h e r e  is t h e  mul t i  l e  s t a r  mode. I n  t h i s  mode, t h e  t a r g e t  o b j e c t  is 
moved d iagonal ly  across t h e  a p e r t u r e  -7% o t e FGS. A s  t h e  o b j e c t  moves a c r o s s  t h e  a p e r t u r e ,  
t h e  e r r o r  s i g n a l  i n  each a x i s  v a r i e s ,  t r a c i n g  o u t  t h e  instrumental  . t r ans fe r  function. (see 
Figure 4 ) .  The t r ans fe r  funct ion can be analyzed t o  d e t e c t  d u p l i c i t y  of s t a r s ,  and t o  
measure t h e  r e l a t i v e  p o s i t i o n s  of t h e  two components. F i n a l l y ,  t h e r e  is t h e  moving t a r g e t  - mode. In  t h i s  mode, used for t r ack ing  moving o b j e c t s  such as minor p l a n e t s ,  t h e  FGS is I 

kept locked on t h e  object  and t h e  p o s i t i o n  of t h e  o b j e c t  is sampled p e r i o d i c a l l y .  

The process  of a s t r o m e t r i c  c a l i b r a t i o n  w i l l  provide a means of determining t h e  
c a p a b i l i t i e s  and l i m i t a t i o n s  of ST astrometry.  F i r s t ,  a c a l i b r a t i o n  f i e l d  ( f o r  which 
groundbased observat ions a r e  a v a i l a b l e )  w i l l  be measured with t h e  FGS f o r  zero-order p l a t e  
s c a l e  and f i e l d  d i s t o r t i o n  e f f e c t s .  Because no f i e l d  is known which c o n t a i n s  r e l a t i v e  s t a r  
p o s i t i o n s  a c c u r a t e  t o  0 .002  a r c s e c  over 18 arcmin, overlapping p l a t e  techniques w i l l  be 
used t o  determine t h e  f i e l d  d i s t o r t i o n s  t o  within a s c a l e  f a c t o r .  Then a moving t a r g e t ,  
such a s  an k s t e r o i d ,  w i l l  be used t o  determine t h e  s c a l e  t o  wi th in  t h e  measuring accuracy 
of t h e  FGS. Final ly ,  a sample of mu l t ip l e  and suspected s i n g l e  s t a r s  w i l l  be scanned with 

. 
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the FGS to determine transfer functions and thence brightness distributions. Minimally 
broadened observed transfer functions Will yield a good estimate of the ST-FGS instrumental 
transfer function. 

It can be seen from the foregoing that there are certain serious restrictions on the use 
of the FGS for astrometry. First, two of the FGS are required for Space Telescope 
guidance, so only one is left free to make astrometric measurements. Second, the FGS is 
not an imaging instrument, but measures the positions of the objects in its field of view 
one at a time. The E'GS cannot 'see' an object but only 'sense' its presence after moving 
to its approximate coordinates. Hence, the area of the pickle must be inventoried in 
advance and observations must be pre-planned in order to direct the FGS aperture in turn to 
each object to be measured. 

Since the pointing and control of the Space Telescope is an engineering function, the 
data from the FGS come down the engineering data link. The data path from the ST FGS to 
the Science Institute is as follows: The signal from the FGS passes through the support 
systems module (SSM), is transmitted via the tracking and data relay satellite system 
(TDRSS), to the NASA communication ground station (NASCOM) and hence to the payload 
operations control center ( P O C C ) ,  where the astrometry data are stripped out of the 
engineering data stream. The astrometry data then go via the science operations ground 
system (SOGS) to the Space Telescope Science Institute (STScI). 

Astroretric Data Reduction Software 

To assist the astrometric user of the Space Telesc , a library of astrometric data 
reduction software modules will be available.4PBThe ADRS is based on the user 
selecting from a menu-like list of software modules, called 'filters', to be applied to the 
data. Each module performs a well-defined operation on the data file, producing a new data 
file on which further operations may be performed. The user may select from among standard 
operations available to any operating system (for example, creation and deletion of files, 
editing and combining files, copying, saving and renaming files), and special modules 
created for astrometric purposes. The operating system of the computer also provides a 
facility for the user to define and name a sequence of operations in which. one filter 
follows another. An on-line 'help" facility is provided to give assistance to the user as 
needed. 

In designing the software, a standard file format has been adopted, which is flexible 
and allows astrometric data to be structured in a hierarchical fashion for convenient 
processing (Figure 5). Individual data items are identified by alphanumeric identifiers 
that may be defined by the user or by the system. Special modules are provided which allow 
the user to take arbitrary data files and format them in this standard fashion for further 
prccessizr; by the scftvare. 

A number of specifically astrometric software modules are being written. These include 
modules €or conversion among the various coordinate systems (e.g., instrumental, gnomonic, 
equatorial, and conversion among gnomonic coordinate systems with different tangential 
points), for the determination of the mean position of an object from the sequence of 
encoder readings which were obtained ('centroiding'), and for the correction of the data 
for various effects, both instrumental (optical distortion, "tilt", etc.) , and physical 
(e.g., differential aberration due to vehicle motion as well as the motion of the Earth). 
The precession module will assume the new IAU76 precession constants as the default case. 

For analysis of data taken in the multiple star mode, a special module is being written 
at Lowell Observatory for the analysis of transfer function data. This module will be 
capable of providing position angle and separations of double stars which have separations 
of greater than approximately 0.03 arcseconds. 

The core of the ADRS system is the REDUCE module. REDUCE obtains a user-specified file 
which contains the reduction model for the current field. The reduction model can be quite 
arbitrary, involving any combination of linear, tilt and distortion terms, as well as color 
and magnitude terms (although these are not expected to be significant for ST).. In 
addition, provision is made for the inclusion of any other terms the user may desire. 
There is, in principle, no limitation on the nature of the terms that may be part of the 
reduction model. The specification of each model to be included in the reduction is very 
simple; the names of the observations and parameters are declared, and the appropriate 
equation of condition is written down. The user may also use predefined models; a 
selection of standard models will be provided at the STScI for general use. 

(ADRS) 
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REDUCE writes a leas t - squares  overlapping-plate reduct ion program8'10 which is 
s p e c i f i c a l l y  t a i lo red  t o  the  d e f i n i t i o n  of t h e  model spec i f i ed .  E i the r  s o l u t i o n  by use of 
t r a d i t i o n a l  normal equat ions  o r  using orthogonal t ransformations of t he  condi t ion  equat ions  
can be spec i f i ed .  Analy t ica l  d e r i v a t i v e s  a r e  ca l cu la t ed  f o r  each of t h e  terms i n  t he  
model, and subrout ines  a r e  provided t o  compute them. This program is then given t o  t h e  
compiler , and executable code is produced. 

REDUCE may be used f o r  overlapping p l a t e  s o l u t i o n s  using a r b i t r a r y  user-specif ied 
models, including pa ra l l ax  and proper motion s o l u t i o n s ,  a s t rome t r i c  b inary  s o l u t i o n s ,  
v i s u a l  b ina ry  so lu t ions ,  func t iona l  f i t s  t o  s i n g l e  and multidimensional d a t a  and o r b i t a l  
ca l cu la t ions .  REDUCE w i l l  be used t o  determine c a l i b r a t i o n  parameters and t o  perform da ta  
a n a l y s i s  tasks .  

These programs, which w i l l  be a v q i l a b l e  t o  the  a s t rome t r i c  user of t h e  Space Telescope, 
may be complemented by any add i t iona l  programs t h e  observer  may wish t o  prepare f o r  t he  - 
a n a l y s i s  of da t a .  

S c i e n t i f i c  Program 

ST astrometry is capable  of  accurac ies  from 2 t o  (more t y p i c a l l y )  10 t i m e s  g r e a t e r  than 
t r a d i t i o n a l  groundbased astrometry.  Such accu rac i e s  open up many exc i t i ng  a r e a s  f o r  
research. 

I* 

Para l l axes  w i l l  be measurable with an accuracy of  0.001 arcsecond or better, br inging 
o b j e c t s  l i k e  RR Lyrae s t a r s  and Cepheid v a r i a b l e  s t a r s  within range of t h e  t r igonometr ic  
pa ra l l ax  method. Improvements i n  the  pa ra l l axes  of  fundamental c a l i b r a t o r s  (e.g,, t h e  
Hyades and Pleiades)  w i l l  be possible .  I t  may be poss ib l e  t o  i n v e s t i g a t e  sys temat ic  e r r o r s  
i n  ground-based para l laxes  more thoroughly,  thus  improving t h e i r  usefulness .  The c e n t r a l  
s t a r s  of some planetary nebulae w i l l  be within range, and the  pa ra l l axes  of o t h e r  o b j e c t s  
of p a r t i c u l a r  as t rophys ica l  i n t e r e s t  can be improved. 

In  double s t a r  astrometry,  the separa t ion  range of 0.02-1.0 arcseconds is d i f f i c u l t  t o  
observe from the  ground. A s  a consequence, t h e  s t a t i s t i c s  of double s tars  i n  t h i s  range 
a r e  poorly known. I t  w i l l  be poss ib le  with ST t o  ob ta in  information on t h i s  every time t h e  
te lescope  is pointed, i f  a scan of a s t a r  i n  t h e  t h i r d  FGS is made rou t ine ly .  The 
frequency with which such scans w i l l  a c t u a l l y  be made is an ope ra t iona l  ques t ion  which has  
not  been decided a t  t h i s  point .  However, nothing i n  p r i n c i p l e  prevents  a s i g n i f i c a n t  
amount of s t a t i s t i c a l  d a t a  on t h i s  very important ques t ion  from being gathered.  In  
add i t ion ,  i t  w i l l  be poss ib l e  t o  ob ta in  v i sua l  o r b i t s  f o r  some s t a r s  which a r e  known 
spec t roscopic  b inar ies .  This  may be important in improving our knowledge about s t e l l a r  
masses, s i n c e  the  number of d i r e c t l y  observed s t e l l a r  masses is still  very small .  

Another very exc i t ing  a rea  of research is the  search  f o r  p l a n e t s  of nearby s ta rs  using 
t h e  a s t rome t r i c  method. W e  estimate t h a t  about a dozen s t a r s  a r e  l i k e l y  prospec ts  for t he  
de t ec t ion  of planetary ob jec t s  using ST astrometry.  

a S t a r  c lus t e r s  and s t e l l a r  systems a r e  another a rea  of  g r e a t  i n t e r e s t  f o r  ST astrometry.  
Observations with ST (probably with the  Wide F ie ld  Camera) may be used t o  measure the  
motions of s t a r s  within c l u s t e r s ,  t o  d e t e c t  t h e  e f f e c t s  of t i d a l  f o r c e s  on the  c l u s t e r  and 
of mass segregat ion wi th in  the  c luster .  The l a t t e r  is f a c i l i t a t e d  by the  f a c t  t h a t  t he  
extreme s e n s i t i v i t y  of t h e  ST w i l l  make i t  poss ib l e  t o  observe s t a r s  a t  t h e  lower end of 
t he  main sequence. Proper motion information on s t a r s  i n  clusters can be obtained i n  a 
f r a c t i o n  of t he  time required f o r  groundbased astrometry.  I t  may even be poss ib l e  t o  
d e t e c t  proper motions i n  nearby ga lax ies .  

A major cont r ibu t ion  by ST t o  fundamental as t romet ry  is made poss ib l e  by the  ESA 
dec i s ion  to  launch an a s t rome t r i c  s a t e l l i t e ,  HIPPARCOS. The HIPPARCOS instrumental  system . 
of b r igh t  ( t o  about 9 t h  magnitude) s t a r s  w i l l  provide a ' so l id  body' re ference  frame with 
an o v e r a l l  unknown ro t a t ion .  Two separate problems with common s o l u t i o n s  must  be 
d is t inguished .  One, t o  de t e rmine  the  r o t a t i o n  of t h e  HIPPARCOS ins t rumenta l  system, and 
two, t o  t i e  t h e  ac tua l  coord ina tes  of t he  HIPPARCOS instrumental  system t o  some fundamental 
O K  absolu te  coordinate system. Using its c a p a b i l i t y  t o  measure p r e c i s e  angular  d i s t a n c e s  
between o b j e c t s  of d i s p a r a t e  magnitude, t h e  Space Telescope can be used t o  t i e  t h e  
HIPPARCOS system to: a)  an absolu te  coord ina te  system derived from rad io  in t e r f e romet r i c  
observa t ions  using radio sources  which have d i s c r e t e  o p t i c a l  coun te rpa r t s ,  b) very d i s t a n t  
and, hence, r e l a t i v e l y  motionless  o b j e c t s  such a s  Q s o ; ~  and c) a dynamical system such as  
t h a t  def ined  by t h e  motions of s e l ec t ed  minor p lane ts .  

11 6 

L 



Observations of bodies  i n  t h e  so la r  system w i l l  provide more information on t h e  
g r a v i t a t i o n a l  f i e l d s  of t h e  p l a n e t s  than has  been obta inable  from t h e  ground. I n  
p a r t i c u l a r ,  i n t e r - s a t e l l i t e  angular  d i s tances  measured with t h e  FGS w i l l  provide d a t a  good 
t o  5 km a t  t h e  d i s t a n c e  of J u p i t e r  and 10 km a t  t h e  d i s t a n c e  of Saturn.  Long term 
observa t ions  of t h e  s a t e l l i t e  systems discovered by Voyager s p a c e c r a f t  may provide 
observat ional  answers t o  some of t h e  c e l e s t i a l  mechanics ques t ions  r a i s e d  by t h e  very s h o r t  
i n t e r v a l  fly-by observat ions.  

Exotic,  "non-standard" as t romet r ic  measurements inc lude  t h e  g r a v i t a t i o n a l  d e f l e c t i o n  of 
l i g h t  by J u p i t e r ,  t h e  measurement of o p t i c a l  proper motions i n  quasars ,  and o ther  p r o j e c t s ,  
l imi ted  only by t h e  imagination of t h e  user and t h e  true c a p a b i l i t i e s  of t h e  ins t rument  
a f t e r  launch. 

we b e l i e v e  t h a t  t h e  as t romet r ic  po ten t ia l  of ST is one of t h e  f a c t o r s  which make 
astrometry one of t h e  more e x c i t i n g  areas i n  modern astronomy, a p o s i t i o n  not  g e n e r a l l y  
held i n  t h e  previous generat ion.  
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Figure 1: ST f o c a l  p lane ,  showing l o c a t i o n  o f  FGS f i e l d  of view. 

ORIGINLL PAGE 43 
OF POOR QUALIT! 

1 
I 
I 
I 
I 
I 
I 
I 
I 

---------- 
FG S r - - - - - - -  

SECOND St I 

Figure 2: Schematic diagram of the  FGS. 



Figure 3: Geometry of the star selector coordinates. 
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Figure 4: FGS transfer function. 
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Figure 5: S t r u c t u r e  of as t rometry d a t a  f i l e s .  
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1. In t roduc t ion  

There have been a number of occasions i n  the  h i s t o r y  of astronomy when Ind iv idua l s  o r  
teams of s c i e n t i s t s  have awaited with a n t i c i p a t i o n  t h e  f i r s t  r e s u l t s  from a new t e l e scope ,  
knowing f u l l  w e l l  t h a t  they  were about t o  uncover worlds which had never  be fo re  been seen 
by man. One t h i n k s  of Ga l i l eo  and h i s  f i r s t  observa t ions  of t h e  Moon and t h e  p l a n e t s ,  
of t h e  p ionee r s  of r a d i o  astronomy who f i r s t  found t h a t  t h e r e  e x i s t  d i s c r e t e  r ad io  
sources,  of D r  Giacconi and t h e  E i n s t e i n  X-ray observa tory ,  of t h e  f i r s t  Voyager p i c t u r e s  
of Sa turn ,  and so on. These moments when new obse rva t iona l  horizons are suddenly opened 
up are among t h e  g r e a t e s t  peaks of i n t e l l e c t u a l  excitement which scient is ts  eve r  experience 
and a r e  comparable t o  those supreme moments when suddenly a new phys ica l  theory  of obvious 
v a l i d i t y  is discovered. W e  a r e  a l l  i n  t h e  same p o s i t i o n  wi th  r e s p e c t  t o  t h e  Space 
Telescope. It  is a t r i b u t e  t o  t h e  v i s ion  of t h e  o r i g i n a t o r s  of t h i s  p r o j e c t  t h a t  t h e s e  
moments o f  r e v e l a t i o n  are t o  be a v a i l a b l e  no t  j u s t  t o  a s m a l l  group of favoured s c i e n t i s t s  
bu t  t o  t h e  whole ast ronomical  community. 

I have e n t i t l e d  t h i s  paper "Ref lec t ions  on t h e  Space Telescope" because it is a personal  
view of t h e  s i g n i f i c a n c e  of t h e  p r o j e c t  for  modern astronomy. Besides  i n e v i t a b l e  personal  
b i a s ,  t h e  range of t o p i c s  considered is bound t o  be incomplete because of t h e  r ap id  
development of t h e  sub jec t .  Nonetheless I be l i eve  it i s  worthwhile t r y i n g  t o  set t h e  
s t a g e  f o r  t h e  types  of ques t ion  which a r e  most important f o r  t h e  advance of astronomy and 
a s t rophys ic s .  Because of t h e  huge demand f o r  observing t i m e ,  we w i l l  a l l  be t r y i n g  t o  
guess what t h e  T i m e  Al loca t ion  Panel w i l l  cons ider  t o  be of t h e  very h ighes t  s c i e n t i f i c  
importance and consequently those  programmes which se l f - ev iden t ly  must  be supported.  I 
w i l l  then  t r y  t o  i n d i c a t e  how rap id ly  the  scene can change by looking a t  some advances i n  
a s t rophys ic s  over t h e  l a s t  5 yea r s  which i l l u s t r a t e  how, even s i n c e  t h e  t i m e  when t h e  
Space Telescope p r o j e c t  w a s  approved, t he  b ig  i s s u e s  have changed. I f  one was t o  w r i t e  
a proposal today f o r  t h e  u s e  of Space Telescope, it would look r a t h e r  d i f f e r e n t  from one 
made, say,  5 yea r s  ago which i s  indeed what many of u s  have done. Then I w i l l  r a i s e  a 
number of my personal  concerns about t h e  p r o j e c t  and f i n a l l y  look a t  some h i s t o r i c a l  
paradigms f o r  t h e  Space Telescope p ro jec t .  

2 .  Current  Understanding of Astronomy and Cosmology 

I t  i s  very r a sh  t o  attempt t o  summarise t h e  concensus of s c i e n t i f i c  op in ion  on such a 
grand scale. I hope I w i l l  be forgiven f o r  reproducing my own ver s ion  of t h e  c u r r e n t  
s t a t e  of knowledge i n  t h e  form of a s ing le  t a b l e .  This  w a s  produced f o r  a r ecen t  semi- 
popular  l e c t u r e  and I am only too aware of i ts  d e f i c i e n c i e s .  Obviously, it is b ia s sed  
towards f i e l d s  i n  which I have non-zero knowledge. Thus, it excludes s u b s t a n t i a l  a r e a s  
which w i l l  be very important f o r  s t u d i e s  by t h e  Space Telescope, i n  p a r t i c u l a r  many 
a s p e c t s  o f  So la r  System s t u d i e s ,  p lane tary  atmospheres, e t c .  For reasons  of b r e v i t y ,  
t hese  have been r e l ega ted  t o  t h e  heading "Problems of s t a r  formation". However, I am 
t h e  las t  t o  underest imate  t h e  importance of understanding, f o r  example, t h e  physics of 
p l ane ta ry  atmospheres, an understanding of which may w e l l  be c r u c i a l  f o r  t h e  continuance 
of l i f e  as w e  know it on Earth.  However, my reasons f o r  excluding t o p i c s  such a s  t h a t  
i s  t h a t  I want t o  look a t  t h e  very broad I s s u e s  of astronomy and cosmology. What a r e  
t h e  broad areas i n  which t h e r e  i s  genera l  agreement on t h e  state of knowledge and what 
a r e  t h e  m o s t  important ques t ions  t o  be addressed and, w e  hope, answered by observa t ions  
wi th  t h e  Space Telescope. The f i r s t  half of Table 1 i n d i c a t e s  what I be l i eve  t o  be 
a r e a s  of consensus about astronomy and as t rophys ics  and t h e  second ha l f  l ists fundamental 
problems a s s o c i a t e d  with each area. I w i l l  expand on these  t o p i c s  i n  t h e  following 
sec t ions .  

2 . 1  The b a s i c  physics of stars and stellar evolu t ion  

Many a s p e c t s  of t h e  phys ics  of s t e l l a r  s t r u c t u r e  and stellar evo lu t ion  are among t h e  most 
exac t  of a s t r o p h y s i c a l  sc iences .  
s t a r s  on t h e  main sequence and onto t h e  g i an t  branch i n  cons iderable  d e t a i l  is a g r e a t  
triumph of a s t rophys ic s .  
c o r r e c t  b u t  t h e r e  are some s i g n i f i c a n t  worries. 
t h a t  of o u r  own Sun which must be a bench-mark f o r  any theory  of s te l la r  s t r u c t u r e .  The 

The f a c t s  t h a t  w e  can understand t h e  evolu t ion  of 

Most people would agree  t h a t  t h e  o v e r a l l  p i c t u r e  i s  probably 
Perhaps t h e  most immediate problem is 
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Table 1 

What w e  know about astronomy and cosmology 

The b a s i c  physics of stars and stellar evolu t ion  are understood. 

Stars form i n  obscured dense regions of i n t e r s t e l l a r  space embedded wi th in  g i a n t  
molecular clouds.  

The i n t e r s t e l l a r  medium conta ins  many phases and is not  i n  equi l ibr ium. Matter is 
c i r c u l a t e d  through t h e  i n t e r s t e l l a r  medium fol lowing processing i n  stars. 

Galaxies  are t h e  b a s i c  bui ld ing  blocks of t h e  Universe. 

Most l a r g e  s c a l e  high energy phenomena i n  ga l ax ie s  are a s soc ia t ed  with t h e  n u c l e i  of 
a c t i v e  ga lax ies  which conta in  a massive compact o b j e c t ,  probably a black hole .  

. 
The ho t  b i g  bang model of  t h e  Universe provides  t h e  m o s t  convincing framework wi th in  
which t o  conduct a s t rophys ica l  cosmological research .  

I* 

What w e  need t o  know about astronomy and cosmoloqy 

S t a r s  and s t e l l a r  evolu t ion  
(i) The Solar  neu t r ino  problem. 
(ii) Is s t e l l a r  evolu t ion  i n  g lobular  c l u s t e r s  r e a l l y  understood? 
(iii) What determines mass loss rates dur ing  s te l lar  evolu t ion?  
( i v )  What a re  t h e  progeni tors  of  t h e  var ious  end po in t s  of  s te l la r  evolu t ion?  

S t a r  formation 
(i) What determines t h e  rate of  star formation and i t s  deDendence on dens i ty ,  

temperature and chemical composition? 
What i s  t h e  i n i t i a l  m a s s  spectrum and i t s  dependence on dens i ty ,  temperature 
and chemical composition? 
What is t h e  p rec i se  sequence of even t s  which t a k e  p lace  during s ta r  formation 
and how are they r e l a t e d  t o  what w e  observe? 

(ii) 

(iii) 

I n t e r s  t e 1 1 ar medi um 
( i)  What is t h e  rate of enrichment of t h e  i n t e r s t e l l a r  gas  by t h e  mass loss 

of  s t a r s  of  d i f f e r e n t  types?  
(ii) Whaf i s  t h e  dSs t r ibu t ion  of f r a g i l e  pr imordial  elements such as  

D, H e ,  H e ,  L i  throughout t h e  i n t e r s t e l l a r  gas  i n  our  Galaxy? 
(iii) What i s  the d i s t r i b u t i o n  of those  i so topes  which are s e n s i t i v e  tracers 

o f  t h e  mechanisms of  element formation i n  t h e  Galaxy? 

Galaxies  
(i) 

(il) 
(iii) What is t h e  na ture  of  t he  dark o r  hidden mat te r?  

What a r e  t h e  bas i c  parameters which d e f i n e  t h e  p r o p e r t i e s  of a galaxy 

What are t h e  dynamical p rope r t i e s  of t he  stars i n  e l l i p t i c a l  ga l ax ie s?  
bes ides  i t s  mass? a 

Active Galaxies 
(i) 
(ii) 
(iii) 

( i v )  

Can w e  f i n d  d e f i n i t i v e  proof of black ho le s  i n  active g a l a c t i c  nuc le i?  
Kow is energy ex t r ac t ed  from an a c c r e t i n g  compact o b j e c t  i n  a u s e f u l  form? 
What can w e  l e a r n  about t h e  behaviour of  matter i n  s t rong  g r a v i t a t i o n a l  
f i e l d s ?  
How a r e  high energy p a r t i c l e s  acce le ra t ed  and e j e c t e d  as co l l imated  beams 
from ac t ive  nuc le i ?  

. 
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The hot  b i g  banq 
(i) What are t h e  value of H and q ? 
(ii) What is t h e  value of Q %nd i s  ?t equal  t o  2q ? 
(iii) What i s  t h e  phys ica l  na ture  of t h e  cosmologigal evo lu t ion  o f  quasa r s ,  r ad io  

sources  and galaxies i n  general?  
( i v )  Is t he re  a cut-off a t  z 

formation? 
( V I  What can w e  l e a r n  about t h e  formation of g a l a x i e s  from observa t ions  of 

quasars  and ga lax ie s  over  t h e  r e d s h i f t  range 0 < z < 3 1  
( v i )  What is t h e  chemical abundance of t h e  pr imordia l  material from which 

ga lax ie s  formed? 
( v i i )  HOW do these  problems cons t r a in  t h e  very  e a r l y  stages of evolu t ion  of t h e  

Universe and i t s  r e l a t i o n  t o  Grand Unified Theor ies  of elementary p a r t i c l e s ?  

4 and does it correspond t o  t h e  epoch of  galaxy 



Sola r  neu t r ino  problem is  s t i l l  with us desp i t e  i n t e n s e  e f f o r t s  over  t h e  l as t  1 0  yea r s  t o  
understand why t h e r e  appears t o  be only about one t h i r d  t h e  f l u x  of neu t r inos  observed 
compared with t h e  p r e d i c t i o n s  of t h e  best models of t h e  So la r  i n t e r i o r .  Th i s  is no t  t h e  
appropr i a t e  p l ace  t o  review poss ib l e  so lu t ions  t o  t h i s  problem bu t  it should s u f f i c e  t o  
say t h a t ,  u n t i l  it is understood, t h e  Solar neu t r ino  problem w i l l  remain a major worry 
f o r  s t e l l a r  evolu t ion .  

There are o t h e r  major concerns about t h e  comparison between t h e  theory  and t h e  observed 
H-R diagrams f o r  g lobu la r  clusters.  There remain fundamental problems of c a l i b r a t i o n  of 
t h e  H-R diagrams which in t roduce  important u n c e r t a i n t i e s  i n t o  t h e  p r e c i s e  l o c a t i o n  of t h e  
main-sequence te rmina t ion  poin t .  I n  addi t ion ,  t h e  i n t e r n a l  scatter wi th in  t h e  d a t a  on a 
p a r t i c u l a r  c l u s t e r  make t h e  p r e c i s e  determination of t h e  locus  of stars on t h e  H-R diagram 
d i f f i c u l t .  There is  accumulating d a t a  which suggest t h a t  t h e  H-R diagrams of w e l l  
s t ud ied  clusters do n o t  agree  p a r t i c u l a r l y  w e l l  with t h e  t h e o r e t i c a l  models. 

A second major area of unce r t a in ty  is the r o l e  of mass-loss a t  va r ious  s t ages  i n  t h e  
s ta r ' s  evolu t ion .  Once stars evolve off t h e  main sequence, mass-loss must occur  a t  
va r ious  l a te r  s t a g e s  i f  w e  are t o  explain t h e  ex i s t ence  of h o r i z o n t a l  branch stars, t h e i r  
u l t i m a t e  evolu t ion  t o  t h e  t i p  of t h e  g ian t  branch and t h e  formation of p l ane ta ry  nebulae. 
Great advances have a l r eady  been made with IUE i n  understanding mass-loss phenomena b u t  
t h e r e  is  s t i l l  a very long way t o  go. Not on ly  a r e  t h e  r e s u l t s  of these  s t u d i e s  important 
f o r  stellar evolu t ion ,  they  are a l s o  c r u c i a l  f o r  understanding t h e  chemical evo lu t ion  of 
t h e  i n t e r s t e l l a r  gas. 

A t h i r d  major a rea  of c u r r e n t  uncer ta in ty  i s  what determines t h e  u l t i m a t e  o b j e c t  which 
forms a t  t h e  end po in t  of stellar evolution. What a r e  t h e  p r o p e r t i e s  of t h e  star which 
determine whether a white dwarf, a neutron s tar  o r  a black hole  w i l l  form when t h e  star 
has used up a l l  i t s  nuc lea r  f u e l ?  The whole ques t ion  may a l s o  be asked t h e  o t h e r  way 
around - what are t h e  p rogen i to r s  of t h e  var ious  end p o i n t s  of s tellar evo lu t ion  which w e  
can now observe? Which stars become type  I and type  I1 supernovae, neutron s t a r s  o r  
black holes?  Why are t h e  p r o p e r t i e s  of type  I supernovae so uniform? These are very 
fundamental ques t ions  of stellar evolution which bear  upon t h e  evo lu t ion  of g a l a x i e s  as a 
who le. 

2.2 Star formation 

One of t h e  g r e a t  achievments of r e c e n t  years has been t h e  understanding t h a t  stars form 
i n  dense obscured reg ions  of i n t e r s t e l l a r  space,  t h e s e  reg ions  being embedded i n  very 
much larger d i f f u s e  c louds ,  t h e  g i a n t  molecular clouds.  Regions such a s  t h e  Orion 
Nebula have been shown t o  be t h e  seats of much g r e a t e r  a c t i v i t y  than  had been previous ly  
expected wi th  t h e  discovery of b ipo la r  outflows of ho t  molecular hydrogen and o t h e r  
spec ies .  W e  can a c t u a l l y  observe stars a t  very e a r l y  s t a g e s  i n  t h e i r  evolu t ion  through 
t h e i r  In t ense  i n f r a r e d  r a d i a t i o n ,  although it is EQt yet c lear  exactly what s t a g e  this 
r e p r e s e n t s  i.e. whether nucleaz burning h a s  a c t u a l l y  switched on o r  n o t .  

There a r e  many basic ques t ions  t o  which w e  do no t ,  however, have clear answers. For 
example, how does t h e  rate of star formation depend upon t h e  temperature,  dens i ty  and 
chemical composition of t h e  i n t e r s t e l l a r  gas from which stars form? What i s  t h e  spectrum 
of masses of stars which form, i.e. t h e  i n i t i a l  mass func t ion ,  and its dependence on 
l o c a l  phys i ca l  condi t ions?  While some of t h e s e  ques t ions  are b e s t  answered by i n f r a r e d  
obse rva t ions ,  many of them can be addressed by o p t i c a l  and near  i n f r a r e d  obse rva t ions  
which can b e  carried o u t  wi th  t h e  Space Telescope. 

These basic ques t ions  are of c e n t r a l  importance f o r  our  whole p i c t u r e  of galaxy formation 
and evolu t ion .  
l a r g e l y  determines t h e  luminosity of a galaxy a t  a l l  s t a g e s  i n  its evo lu t ion  and t h u s  
determines t h e  o b s e r v a b i l i t y  of ga l ax ie s  even i n  t h e i r  earl iest  phases of evolu t ion .  

The dependence of t h e  s t a r  formation rate upon phys ica l  cond i t ions  

2.3 The interstellar m e d i u m  

It w a s  once thought t h a t  t h e  i n t e r s t e l l a r  gas w a s  a r a t h e r  simple medium bu t  now w e  know 
t h a t  it has  a multi-phase, non-equilibrium s t r u c t u r e .  Phases of v i r t u a l l y  a l l  d e n s i t i e s  
and temperatures  are known, from coo l  giant molecular clouds i n s i d e  which are embedded 
high d e n s i t y  cool  reg ions ,  through d i f fuse  intermixed ion i sed  and n e u t r a l  hydrogen t o  a 
ho t  d i f f u s e  phase which is  re spons ib l e  for t h e  high e x c i t a t i o n  absorp t ion  l i n e s  seen i n  
t h e  spectra of b r i g h t  stars by IUE and t h e  d i f f u s e  Galactic s o f t  X-ray emission. What 
makes t h e  p i c t u r e  complicated is  t h e  f a c t  t h a t  t h e  phases  are not  t r u l y  i n  equ i l ib r ium 
wi th  one another.  The ho t  phase i s  continuously heated by supernova remnants and t h e  
cool dense phases are s t rong ly  influenced by t h e  shock waves and i o n i s a t i o n  f r o n t s  
a s s o c i a t e d  with newly formed stars. A recent  discovery which t e s t i f i e s  f u r t h e r  t o  t h e  
non-equilibrium na ture  of t h e  i n t e r s t e l l a r  medium is t h a t  of t h e  n e u t r a l  carbon C I  l i n e  
a t  submi l l imet re  wavelengths. This  has been observed a t  much g r e a t e r  s t r e n g t h  than  is 
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expected t h e o r e t i c a l l y  and i n  gene ra l  terms, t he  s o l u t i o n  t o  t h e  problem of i t s  e x i s t e n c e  
must be t h a t  t h e  neu t r a l  phase i s  not  i n  equi l ibr ium wi th  t h e  ambient r a d i a t i o n  f i e l d .  

There i s  thus  t h e  whole ques t ion  of de f in ing  more p r e c i s e l y  t h e  p r o p e r t i e s  of t h e  " v i o l e n t  
i n t e r s t e l l a r  medium". I n  add i t ion ,  t h e r e  a r e  some observa t ions  of s p e c i a l  s i g n i f i c a n c e  
f o r  cosmology. Paramount among t h e s e  i s  t h e  determinat ion of t h e  deuterium abundance 
and its v a r i a t i o n  with l o c a t i o n  i n  t h e  Galaxy. The consensus of opinion is t h a t  most of 
t h e  deuterium i s  synthesised e a r l y  i n  t h e  hot b ig  bang and t h i s  accounts f o r  t h e  high 
abundance observed wherever w e  look i n  the  Universe. However, because it i s  destroyed 
whenever it i s  processed through s t a r s ,  it is  a l s o  a s e n s i t i v e  measure of how much 
process ing  any piece of i n t e r s t e l l a r  gas has undergone. I t  is  gene ra l ly  be l ieved  t h a t  
most i n t e r s t e l l a r  matter has undergone some processing through s t a r s  and t h e r e f o r e  i f  
t h e r e  are reg ions  where much process ing  is be l ieved  t o  have taken  p l ace  and deuterium 
s t i l l  observed, a source of a d d i t i o n a l  un rocessed ma te r i a l  is  needed. These t o p i c s  a r e  
of g r e a t  importance €o r  t h e  ques t ion  of tRe i n f a l l  of pr imordia l  m a t e r i a l  i n t o  our own 
Galaxy. 

Of course ,  everything which one w r i t e s  about our own Galaxy a p p l i e s  equal ly  s t rong ly  t o  
observa t ions  of nearby ga lax ie s  where it is simpler t o  t ake  a g loba l  view of t h e  i n t e r -  
s te l la r  medium. 

Y 

* 

2 .4  Galaxies 

Galaxies are t h e  bas ic  bu i ld ing  blocks of t h e  Universe and they  come i n  a very wide 
v a r i e t y  of shapes,  s i z e s  and masses. However, it is  becoming apparent t h a t  they are 
probably simpler ob jec t s  than  astronomers have any r i g h t  t o  expect.  I say t h i s  on t h e  
b a s i s  of t h e  f a c t  t h a t  many of t h e  p r o p e r t i e s  of g a l a x i e s  s e e m  t o  c o r r e l a t e  wi th  t h e i r  
masses. What type of galaxy one ends up with may w e l l  r e s u l t  simply from p lac ing  a s e l f  
g r a v i t a t i n g  system of stars i n  d i f f e r e n t  gaseous o r  g a l a c t i c  environments. This  r e a l i s -  
a t i o n ,  which has only come about over t h e  l a s t  5-10 yea r s ,  g ives  m e  hope t h a t  w e  may be 
ab le  t o  understand t h e  var ious  e f f e c t s  which give rise t o  t h e  d i v e r s i t y  of g a l a c t i c  
phenomena w e  observe today and not have t o  cons t ruc t  a s e p a r a t e  theory  t o  exp la in  each 
o b j e c t  i n  t h e  Universe. I regard t h e  v e r i f i c a t i o n  o r  d i sproof  of t h i s  concept a s  among 
the  m o s t  important endeavours of e x t r a g a l a c t i c  astronomy. 

In  a d d i t i o n ,  t h e r e  a r e  many t h i n g s  which we do not y e t  understand. One major spanner 
which has been thrown i n  t h e  works i s  t h a t  we now know t h a t  €or  many e l l i p t i c a l  g a l a x i e s ,  
t h e  observed f l a t t e n i n g  cannot be a t t r i b u t e d  t o  r o t a t i o n .  This  evidence, i n  conjunct ion  
with t h e  f a c t s  t h a t  t h e  shapes and p r i n c i p a l  axes of e l l i p t i c a l  g a l a x i e s  can change with 
r ad ius ,  i n d i c a t e s  t h a t  t h e  i n t e r n a l  v e l o c i t y  d i s t r i b u t i o n  of stars i n  e l l i p t i c a l  g a l a x i e s  
i s  much more complex than  one might na ive ly  hope. O f  course ,  when one r e a l i s e s  t h a t  t h e  
gas of s t a r s  i s  c o l l i s i o n l e s s ,  t h e r e  w a s  never any r e a l  reason t o  expect t h e  v e l o c i t y  
d i spe r s ion  t o  be i s o t r o p i c  and Maxwellian a t  every po in t  i n  an e l l i p t i c a l  galaxy. 
Nonetheless, it r a i s e s  many new i s s u e s  concerning t h e  o r b i t s  of stars i n  s e l f - g r a v i t a t i n g  
conf igura t ions  and has r e s u l t e d  i n  some b e a u t i f u l  new t h e o r e t i c a l  s t u d i e s  by Schwarzschild 
and h i s  co l labora tors .  These i n v e s t i g a t i o n s  urgent ly  r e q u i r e  a f i rm  obse rva t iona l  b a s i s  
from which t o  proceed t o  t h e  proper  modelling of t h e  v e l o c i t y  d i s t r i b u t i o n  i n  ga l ax ie s .  
Among t h e  i t e m s  which have gone o u t  t h e  window with t h i s  new understanding is t h e  idea  
t h a t  one can appeal t o  a x i a l  symmetry i n  working ou t  t h e  p r o p e r t i e s  of ga l ax ie s ;  i n  f a c t  
e l l i p t i c a l  ga lax ies  a r e  l i k e l y ,  i n  genera l ,  t o  be t r i a x i a l  systems. 

A second major problem a r e a  i s  t h a t  of t he  hidden o r  dark mat te r  i n  ga l ax ie s .  I t  has 
become clear over the l a s t  few years t h a t  no t  a l l  t h e  mass i n  g a l a x i e s  i s  v i s i b l e .  The 
problem first  came t o  l i g h t  many yea r s  ago i n  t h e  s tudy  of r i c h  c l u s t e r s  of g a l a x i e s  
where t h e r e  w a s  not enough mass i n  t h e  v i s i b l e  p a r t s  of g a l a x i e s  t o  account f o r  t h e  
g r a v i t a t i o n a l  binding o f  t h e  c l u s t e r .  This problem h a s  remained and t o  it has been 
a d d e a t h e  f a c t  t h a t  o rd inary  ga l ax ie s  have t h e  same problem. To overs impl i fy  g ross ly ,  
t h e  r o t a t i o n  curves of many g i a n t  s p i r a l  ga l ax ie s  appear  t o  remain cons t an t  o u t  as f a r  as 
can be determined. I n  t h e  s imples t  approximation, t h i s  can be expla ined  by a s p h e r i c a l  
mass d i s t r i b u t i o n  i n  which t h e  mass i n t e r i o r  t o  r ad ius  R i nc reases  a s  R, (M(<R)=R). I n  
add i t ion ,  s t u d i e s  of t h e  r o t a t i o n  curve of our own Galaxy and t h e  v e l o c i t y  d i spe r s ion  of 
g lobular  c l u s t e r s  suggest t h a t  i ts r o t a t i o n  curve is a l s o  f l a t  o u t  t o  about  1 0 0  kpc. 
Now t h e  luminous matter i n  ga l ax ie s  f a l l s  o f f  much more r a p i d l y  than  t h i s  and so t h e r e  
must be  some form of dark mat te r  which dominates t h e  mass d i s t r i b u t i o n  i n  t h e  o u t e r  
reg ion ,  t h e  "dark halo". Again t o  g e n e r a l i s e  r a t h e r  sweepingly, it appears t h a t  on a l l  
s c a l e s  from t h a t  of Sc g a l a x i e s  t o  groups and c l u s t e r s  of g a l a x i e s  and probably beyond, 
most of t h e  matter is unobservable a t  p re sen t ,  o t h e r  than  by its g r a v i t a t i o n a l  in f luence .  
The discrepancy between t h e  v i s i b l e  and i n v i s i b l e  matter is agreed t o  be about a f a c t o r  
of 10  and poss ib ly  greater on t h e  l a r g e s t  scales. Nobody is  c e r t a i n ,  however, about t h e  
form t h i s  hidden mass may t ake ,  t h e  p o s s i b i l i t i e s  ranging from massive neu t r inos  t o  
massive black holes.  
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The Space Telescope w i l l  provide evidence on t h i s  ques t ion  i n  a number of d i f f e r e n t  ways. 
Besides r o t a t i o n  curves f o r  g a l a x i e s  and v e l o c i t y  d i s p e r s i o n s  f o r  t h e i r  sa te l l i t es ,  
observa t ions  of t h e  s te l lar  luminosity function w i l l  i n d i c a t e  whether p a r t  of t h e  m a s s  
d iscrepancy could be a t t r i b u t e d  t o  ultra-low mass s t a r s  o r  J u p i t e r - l i k e  o b j e c t s  which 
might be p re sen t  i n  l a r g e  numbers i n  t h e  Galaxy. The discovery of f u r t h e r  g r a v i t a t i o n a l  
l ens ing  quasars  can set  l i m i t s  t o  t h e  numbers of massive o b j e c t s  i n  t h e  ha loes  of ga l ax ie s .  

2.5 Active Galactic N u c l e i  

Under t h i s  heading, I inc lude  a l l  t h e  “exo t i c”  a c t i v e  g a l a c t i c  n u c l e i  which have come t o  
dominate so much of as t ronomical  th inking  over  t h e  l a s t  20 yea r s .  I t h e r e f o r e  inc lude  
quasars  of a l l  s o r t s ,  S e y f e r t s  ga l ax ie s  of a l l  t ypes ,  N g a l a x i e s ,  BL Lac  o b j e c t s ,  e t c .  
It i s  now apprec ia ted  t h a t  v i r t u a l l y  a l l  l a r g e  s c a l e  high energy phenomena i n  t h e  Universe 
are associated wi th  a c t i v i t y  i n  g a l a c t i c  n u c l e i .  Even t h e  l a r g e s t  scale rad io  sources 
wi th  s i z e s  up t o  6 Mpc have t h e i r  o r i g i n  i n  a c t i v e  g a l a c t i c  n u c l e i  on scales less than 
1 pc i n  s i z e .  The major t h e o r e t i c a l  advance has been t h e  r e a l i s a t i o n  t h a t  t h e r e  e x i s t  
p e r f e c t l y  p l a u s i b l e  phys i ca l  p rocesses  by which a c t i v e  n u c l e i  can l i b e r a t e  t h e  v a s t  
ene rg ie s  r equ i r ed  t o  power even t h e  most luminous a c t i v e  nuc le i .  The p i c t u r e  of acc re t ion  
onto  massive compact o b j e c t s  is a very a t t r a c t i v e  source of energy and seems capable i n  
p r i n c i p l e  of dea l ing  with even t h e  g r e a t e s t  energy demands. 

There remain many problem areas, some of which s t r e t c h  our c u r r e n t  understanding of 
phys ics  to  its very limits. L e t  m e  i n d i c a t e  some of t h e  b a s i c  ques t ions  t o  which I 
would l i k e  t o  know t h e  answers. 

(i) Can w e  f i n d  d e f i n i t e  proof of massive black holes  i n  g a l a c t i c  nuc le i ?  There are 
some remarkably  persuas ive  arguments b u t  what one r e a l l y  wants is a combination of 
dynamical evidence on t h e  presence of a compact mass a t  the g a l a c t i c  c e n t r e  combined wi th  
evidence such a s  t h a t  r e c e n t l y  obtained on NGC 4151 on t h e  l o c a t i o n  and v e l o c i t y  of 
c louds  more-or-less bound t o  t h e  g a l a c t i c  nucleus.  

(ii) How is t h e  energy e x t r a c t e d  from t h e  c e n t r a l  compact o b j e c t ?  Here w e  need improved 
modelling i n  conjunct ion with very high angular r e s o l u t i o n  observa t ions  of t h e  l i g h t  
d i s t r i b u t i o n  and s p e c t r a  of a c t i v e  nuclei .  In  p a r t i c u l a r ,  t h e r e  is a cont inuing  need to  
t r y  t o  re la te  o p t i c a l  a c t i v i t y  i n  t h e  nucleus with evidence on the product ion of u l t r -  
a r e l a t i v i s t i c  p a r t i c l e s .  

(iii) I n  t h e s e  o b j e c t s ,  w e  have a unique oppor tuni ty  of s tudying  t h e  phys ics  of matter 
i n  s t rong  g r a v i t a t i o n a l  f i e l d s .  W e  have s o m e  evidence t h a t ,  i n  t h e  case  of NGC 4151, w e  
may be looking t o  wi th in  10  t i m e s  t h e  g r a v i t a t i o n a l  r ad ius  of t h e  black hole  and then w e  ...--,..- ..YIS cv be a b l e  t o  observe d i r e c t l y  phenomena a s soc ia t ed  wi th  t h e  dynamics of 
matter c l o s e  t o  black holes .  
...:-I.& Le-- & -  

( i v )  What i s  t h e  o r i g i n  of t he  high energy p a r t i c l e s  i n  a c t i v e  g a l a c t i c  nuc le i ?  How 
i s  t h e  material acce le ra t ed  and then  e jec ted  i n  t h e  form of a co l l imated  beam, as is 
r equ i r ed  from rad io  observa t ions  of superluminal v e l o c i t i e s  and extended double s t r u c t u r e ?  

A b e a i l t i f u l  example of t h e  type  of programme I have i n  mind i s  t h e  r ecen t  study of NGC 4151 
c a r r i e d  o u t  by a l a r g e  i n t e r n a t i o n a l  co l l abora t ion  wi th  IUE. V i r t u a l l y  a l l  who have 
worked on a c t i v e  g a l a c t i c  nuc le i  have hoped t h a t  one day some s i g n i f i c a n t  c o r r e l a t i o n  
would t u r n  up among t h e  v a r i a b i l i t y  da t a  which would provide real  c l u e s  t o  t h e  o r i g i n  of 
a c t i v i t y  i n  a c t i v e  nuc le i .  To be honest, I have not  been p a r t i c u l a r l y  convinced by any 
of t h e  “ c o r r e l a t e d  a c t i v i t y ”  repor ted  i n  a c t i v e  nuc le i  and it w a s  always p o s s i b l e  t o  
argue t h a t  t h e  s i t u a t i o n  w a s  t oo  complex o r  t h a t  t h e  t i m e  s c a l e s  which could be inves t iga t ed  
w e r e  a l l  wrong. 

Perhaps t h e  most remarkable r e s u l t  i n  NGC 4151 is a “ h y s t e r e s i s “  e f f e c t  whereby t h e r e  is 
observed t o  be a s t rong  c o r r e l a t i o n  between t h e  v a r i a b i l i t y  of t h e  non-thermal continuum 
r a d i a t i o n  and t h e  i n t e n s i t y  of t h e  broad C I V  l i n e  bu t  wi th  a t i m e  de lay  such t h a t  t h e  
i n t e n s i t y  of t h e  l i n e s  respond t o  increases  and decreases  i n  t h e  continuum with a t i m e  lag.  

It is i n t e r e s t i n g  t o  no te  how t h e  various observed p r o p e r t i e s  r e s u l t  i n  information about 
t h e  c e n t r a l  o b j e c t  and i t s  environment. The c r u c i a l  p i e c e s  of evidence a r e  (i) t h e  t i m e  
de l ay  between t h e  increase i n  continuum and t h e  broad liq emission o f  5-10 days and (ii) 
t h e  width of t h e  broad l i n e  reg ions ,  Av n, 10-20,000 km s . The f i r s t  f i g u r e  t e l l s  u s  
t h e  d i s t a n c e  of t h e  broad l i n e  region from t h e  nucleus and i n c i d e n t a l l y  is r a t h e r  convincing 
evidence f o r  t h e  pho to ion i sa t ion  models. I n  t h e  second case, a s i g n i f i c a n t  f r a c t i o n  of 
t h e  broad l i n e  v e l o c i t y  is t u r b u l e n t  o r  r o t a t i o n a l ,  i n  e i t h e r  case, t h e  v e l o c i t y  a c t i n g  
as a probe of t h e  p o t e n t i a l  f i e l d  of t he  nucleus. W e  can then  use Kepler ’s  law t o  
measure t h e  mass of t h e  nuc lea r  source.  

125 



where r is  geasured i n  km. 

We may specu la t e  why it i s  t h a t  t h e  b r i g h t e s t  S e y f e r t  1 galaxy i n  t h e  sky t u r n s  o u t  t o  
have such convenient p r o p e r t i e s  and end up with t h e  s o r t  of massive black holes  which 
have been discussed f o r  some t i m e .  W e  should look a t  t h e  problem of i n v e s t i g a t i n g  o t h e r  
a c t i v e  nuc le i  by the same technique. I n  t h e  most luminous quasars ,  f o r  example, we may 
expect much more massive black holes  because according t o  t h e  formula f o r  t h e  Eddington 
l i m i t i n g  luminosity 

I n s e r t i n g  r = 5 l i g h t  days and v % 10 ,000  km s-’, w e  end up 
with M % 1 0  Mg. 

* 
and evsn with 100% e f f i c i e n t  energy conversion luminos i t i e s  of 
M > 10 M,. 
NGC 4151 and hence t h e  de lay  t i m e  w i l l  s c a l e  a s  t h e  mass of t h e  black hole.  This  sum 
sugges ts  t i m e  scales  of s e v e r a l  years f o r  quasars  o r  very  s h o r t  t i m e  s c a l e  v a r i a t i o n s  f o r  .. 
s i m i l a r  phenomena i n  t h e  nuc le i  of ga l ax ie s  such as our own. The i n t e r e s t i n g  po in t  is 
t h a t  t h e  range of  t i m e  scales over which w e  could observe such phenomena f o r  a w i d e  range 
of a c t i v e  n u c l e i  are from hours t o  years  and SO it is f e a s i b l e  t o  c a r r y  ou t  similar 
programmes f o r  o ther  e x o t i c  nuc le i .  I t  w i l l ,  however, r equ i r e  t h e  dedica ted  e f f o r t s  of 
many astronomers t o  make t h e  observing t i m e  on t h e  Space Telescope a v a i l a b l e .  

The na ture  of the  c e n t r a l  acc re t ion  disc was a l s o  h in t ed  a t  by t h e s e  observa t ions .  
The  f a r  u l t r a v i o l e t  r a d i a t i o n  may be due t o  a roughly black-body component a t  a temperature 
of % 30,000K. One can  then estimate the  su r face  area of t h e  black-body emitter which 
could produce t h e  f a r  u l t r a v i o l e t  f l ux .  Again, t h e  i n t r i g u i n g  p a r t  of t h e  s t o r y  i s  how 
n a t u r a l l y  phys ica l  scales of 1 0  t i m e s  t h e  Schwarzschild r a d i u s  came o u t .  W e  need t o  
see how w e l l  t h i s  whole s t o r y  w i l l  su rv ive  s c r u t i n y  by f u r t h e r  t h e o r e t i c a l  i n v e s t i g a t i o n  
and f u r t h e r  d a t a  co l l ec t ion .  

e r g  s-I r e q u i r e  
The ve loc i ty  widths w e  observe i n  quasars  a r e  of t h e  same order  a s  t hose  i n  

This is exac t ly  the type  of programme which is i d e a l l y  s u i t e d  t o  t h e  unique c a p a b i l i t i e s  
of t h e  Space Telescope. 
ga l ax ie s  wi th in  range of observa t ion .  

High angular r e so lu t ion  b r ings  a l a r g e  number of S e y f e r t  

2.6 The hot  b i g  bang model of  t h e  Universe 

Perhaps t h e  g r e a t e s t  advance i n  cosmology over t h e  l a s t  20 yea r s  has been t h e  evidence 
which has accumulated i n  favour of t h e  hot  b i g  bang model of t h e  Universe. Up till 
1965, t h e r e  had been persuas ive  evidence f o r  t h e  evolu t ionary  cha rac t e r  of t h e  Universe 
b u t  no d i r e c t  evidence t h a t  t he  Universe had passed through a hot  dense phase. I n  1965, 
t h e  discovery of the microwave background r a d i a t i o n  and t h e  subsequent d i scove r i e s  of t h e  
Planckian na tu re  of i t s  spectrum and its i so t ropy  were powerful evidence t h a t  t h e  Universe 
had once been very hot and t h e  r a d i a t i o n  had had time t o  become thermal i sed .  A n a t u r a l  
way i n  which t h i s  could have come about i s  i n  t h e  s tandard  hot  b ig  bang model i n  which 
t h e  Universe cools from a very high temperatvre,  high d e n s i t y  phase. Supporting evidence 
f o r  t h i s  p i c t u r e  came from t h e  abundance of H e  which seems t o  have roughly t h e  same 
un ive r sa l  abundance wherever it can be observed i n  t h e  Universe and i n  e x a c t l y  t h e  
propor t ions  pred ic ted  by t h e  theory .  

More r e c e n t l y  t h e  case h a s  become even s t ronge r  wi th  t h e  r e a l i f a t i o q  tha?  a l l  t h e  l i g h t  
elements which are r ap id ly  destroyed i n  s te l lar  i n t e r i o r s ,  D ,  H e ,  H e ,  L i ,  can a l s o  be 
synthes ised  i n  t h e  non-equlibrium condi t ions  i n  t h e  e a r l y  s t a g e s  of  t h e  hot  b ig  bang. 
What is remarkable is t h a t  it is poss ib l e  t o  account f o r  t h e  observed abundances of a l l  
t h e s e  spec ie s  by a s i n g l e  ho t  b ig  bang model which has  d e n s i t y  parameter i n  t h e  range 
n % 0.03 - 0.1. ( i . e .  qo % 0.015-0.0,s). 
Universe went through a h o t  dense phase and it is independent of t h e  evidence provided by 
t h e  microwave background r a d i a t i o n .  

This  is q u i t e  remarkable evidence t h a t  t h e  t 

The importance o f  these d i scove r i e s  is t h a t ,  i f  t h e  whole p i c t u r e  su rv ives  detailed 
s c r u t i n y ,  w e  can use t h e  h o t  big-bang framework f o r  pursuing y e t  more d i f f i c u l t  fundamental 
problems of  cosmology. 
of t h e  hot  big-bang, namely (a) t h e  o r i g i n  of t h e  baryon asymmetry i n  t h e  Universe (b) 
t h e  o r i g i n  of t h e  i so t ropy  of t h e  Universe and (c) t h e  o r i g i n  of t h e  f l u c t u a t i o n s  from 
which t h e  f ine-sca le  s t r u c t u r e  of t h e  Universe evolved. U n t i l  r e c e n t l y ,  cosmologis ts  
supposed t h a t  t h e s e  p rope r t i e s  had t o  be ascr ibed  t o  t h e  i n i t i a l  cond i t ions  from which 
t h e  Universe evolved - a t o t a l l y  unsa t i s f ac to ry  s i t u a t i o n .  We now begin to have t h e  
glimmering of an understanding of how t h e s e  f e a t u r e s  might come about i n  evolu t ionary  
cosmologies a t  very e a r l y  epochs. 
i n  elementary p a r t i c l e  physics and t h e  p r o p e r t i e s  of t h e  favoured schemes f o r  unifying 

r 

I n  p a r t i c u l a r ,  w e  can treat  s e r i o u s l y  t h e  t h r e e  b a s i c  problems 

These p o s s i b i l i t i e s  have come about thanks t o  advances 
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a l l  t h e  elementary fo rces  of physics.  Again, t h i s  is not  t h e  p lace  t o  review t h e  way i n  
which t h i s  may come about bu t  it is  important t o  note t h a t  some of t h e  classical  observa- 
t i o n s  which have been made by astronomers may have profound impl i ca t ions  f o r  t h e  very 
e a r l y  s t r u c t u r e  and evo lu t ion  of t h e  Universe. 

A t  t h e  same t i m e ,  t h e r e  have been a number of major advances i n  desc r ib ing  t h e  l a r g e  
scale p r o p e r t i e s  of t h e  Universe. Among t h e s e  I would count a s  p a r t i c u l a r l y  s i g n i f i c a n t :  

(a) The use of c ros s -co r re l a t ion  functions t o  desc r ibe  t h e  l a r g e  scale d i s t r i b u t i o n  of 
alaxies i n  t h e  Universe: t h e s e  s t u d i e s  have been completed f o r  very l a r g e  samples of 

zalaxies i n  two dimensions and have now been made i n  3-dimensions f o r  s a m D l e s  of b r i a h t  
ga l ax ie s  by Davis and h i s  co l leagues .  
t h i s  type  has been t h e  discovery of t h e  “ g r e a t  ho les”  i n  t h e  Universe. The f a c t  t h a t  
t hese  phenomena exis t  poses a p a r t i c u l a r  cha l lenge  f o r  t h e  theory  of galaxy formation. 

Among t h e  most remarkable r e s u l t s -  of s tud ie s -o f  

(b)  Evidence f o r  t h e  evolu t ion  of a s t rophys ica l  o b j e c t s  over  cosmological t i m e  scales. 
The evidence f o r  evolu t ion  over  cosmological t i m e  s c a l e s  has been convincing f o r  some 
t i m e  f o r  a c t i v e  systems such as quasars  and s t rong  r ad io  sources .  These s t u d i e s  a r e  now 
g e t t i n g  down t o  t h e  d e t a i l s  of how various classes of o b j e c t  evolve with cosmic epoch. 
The only problem with t h e s e  s t u d i e s  is t h a t  they  concern t h e  evolu t ion  of r a t h e r  e x o t i c  
o b j e c t s  whose a s t rophys ic s  a r e  not properly understood. 

I f i n d  p a r t i c u l a r l y  i n t r i g u i n g  t h e  evidence which i s  now accumulating f o r  t h e  evolu t ion  
of t h e  ord inary  s te l lar  component of massive g a l a x i e s  wi th  cosmic epoch. 

L e t  m e  l i s t  some of t h e  D i e c e s  of evidence: 

(i) Gunn, Hoessel and Oke have shown t h a t  a number of g i a n t  e l l i p t i c a l  g a l a x i e s  a t  
z > 0.5 have much b lue r  s p e c t r a  than those a t  small  r e d s h i f t s .  

(ii) Gunn has shown t h a t  f o r  b r i g h t  e l l i p t i c a l  g a l a x i e s  t h e r e  i s  evidence f o r  changes 
i n  t h e  co lou r s  o u t  t o  r e d s h i f t s  of 0 .5  such t h a t  t h e  g a l a x i e s  a r e  “ b l u e r ”  than  a z = 0 
galaxy would appear r e d s h i f t e d  by t h e  appropriate amount. 

have r e d s h i f t s  of about 0.5 t o  1 a r e  bluer than  low-redshift  ga l ax ie s  of t h e  same type. 

( i v )  In f r a red -op t i ca l  s t u d i e s  of radio g a l a x i e s  by Simon L i l l y  and myself have shown 
evidence of s t rong  evo lu t ion  of t h e  op t i ca l - in f r a red  co lou r s  of t h e  s te l la r  component of 
those g i a n t  e l l i p t i c a l  ga l ax ie s  which are s t r o n g  r ad io  sources  i n  t h e  3CR catalogue. 

I t  is  i n t r i g u i n g  t h a t  most of t h e s e  cosmological evolu t ionary  changes i n  t h e  p r o p e r t i e s  
of g a l a x i e s  a r e  i n  t h e  same sense. Remarkably one of t h e  simple models of galaxy evolu t ion  
by Bruzual can account f o r  many of t h e  f ea tu res  of t h e s e  observa t ions .  
i n  which, say,  ha l f  of t h e  gas i n  a galaxy forms i n t o  stars i n  t h e  f i r s t  1 0  years  and 
then  t h e  remaining gas forms i n t o  s t a r s  a t  an exponent ia l ly  decreas ing  r a t e  t h e r e a f t e r .  
Now, I do n o t  c la im t h a t  t h i s  i s  what i s  a c t u a l l y  going on bu t  t h e  modelshare use fu l  
i l l u s t r a t i o n s  of t h e  types  of modification t o  standard galaxy models necessary t o  expla in  
these  observa t ions .  

Despite t h e s e  r e a l  advances i n  as t rophys ica l  cosmology, t h e r e  remain many stubborn problems 
which w e  must t r y  t o  reso lve .  I n  no p a r t i c u l a r  o rde r ,  t h e s e  a r e :  

!iii! T 7 3 ~  5er Laan and W i n d h n r e t  hawn c h n w n  t h a t  f a i n t  radin r j a l a v i n c  w h i r h  thny i n f a r  

Thgse a r e  models 

( a )  What are t h e  va lues  of t h e  b a s i c  parameters which desc r ibe  t h e  dynamics of t h e  
Universe, H-, Hubble’s cons tan t  and q- the dece le ra t ion  parameter? Despite years  of t h e  
most d i f f i c t i l t  observa t ion  and analysys,  t h e r e  & $  no g n s e n s u s  about t h e  va lues  of e i t h e r  
of these  parameters. 
va lues  o f  Hubble’s cons tan t  appearing i n  t h e  l i t e r a t u r e  bu t  t h e r e  is no consensus on 
whereabout i n  t h i s  range it l ies.  There are e x c e l l e n t  prospec ts  t h a t ,  wi th  Space 
Telescope, t h i s  s i t u a t i o n  w i l l  improve through t h e  use of d i s t a n t  Cepheid v a r i a b l e s  and 
through t h e  use of supernovae e i t h e r  a s  c l a s s i c a l  s tandard  candles ,  which Type I seem t o  
be, or through t h e  more phys ica l  Baade-Wesselink-Wagoner technique. 

For q , i n  t h e  sense of a g loba l  value of t h e  dece le ra t ion  of t h e  Universe as a whole, I 
have Pess confidence t h a t  w e  w i l l  f i n d  a meaningful va lue  by t h e  classical r e d s h i f t -  
magnitude r e l a t i o n .  AS mentioned above, w e  have s t rong  reasons t o  be l i eve  t h a t  
cosmological evolu t ionary  e f f e c t s  are inf luenc ing  t h e  co lou r s  and abso lu te  p r o p e r t i e s  of 
d i s t a n t  g a l a x i e s  and, u n t i l  w e  can understand t h e s e  thoroughly, w e  cannot hope t o  produce 
a reliable estimate of go. 

(b )  What is t h e  mean dens i ty  of matter i n  t h e  Universe? I sepa ra t e  t h e  ques t ion  of 
t h e  de te rmina t ion  of t h e  dens i ty  parameter Q(= 8nGp/3Ho’) from t h a t  of estimates of qo 

The range 50  t o  100 km s - ~  Mpc-& spans t h e  reasonable range of 
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because t h e  r e l a t i o n  n 0 2q only  holds i f  gene ra l  r e l a t i v i t y  (with zero  cosmological 
cons t an t )  is co r rec t  and, i R  gene ra l ,  t h i s  is a r a t h e r  restricted set of p o s s i b i l i t i e s .  
W e  ought t o  t r y  t o  decide from observa t ions  whether o r  no t  Q = 2q and t h i s  would g ive  u s  
more confidence t h a t  w e  are proceeding along t h e  c o r r e c t  l i n e s .  
independent determination of fl and q is so d i f f i c u l t  t h a t  many cosmologis ts  adopt t h e  
easy way o u t  and suppose genera l  r e l 8 t i v i t y  t o  be c o r r e c t  so t h a t  a good va lue  of e i t h e r  
qo or 0 w i l l  do. 

I n  f a c t  n is probably e a s i e r  t o  measure than  q because w e  can use t h e  c l a s s i c a l  methods 
of mass determination i n  astronomy but  apply &em on a grand s c a l e  t o  measure t h e  
g r a v i t a t i n g  m a s s  i n  l a r g e  r e p r e s e n t a t i v e  volumes of space. The volume of space o f t e n  
used f o r  t h i s  purpose is t h e  Local Superc lus t e r  which corresponds t o  a volume of dimensions 
* 20-30 Mpc. On t h e  l a r g e s t  scale, var ious  ve r s ions  of t h e  cosmic v i r i a l  theorem can be 
used. Generally,  these  r e s u l t s  (Q * 0 . 1  - 0.5) t u r n  o u t  t o  be somewhat l a r g e r  than t h e  
va lue  determined from t h e  pr imordia l  nuc leosynthes is  of t h e  l i g h t  elements (n % 0.03 - 0 .1 ) .  
There is no t  necessa r i ly  any fundamental c o n t r a d i c t i o n  between t h e s e  va lues  because t h e  
l a t te r  r e f e r s  on ly  t o  t h e  baryonic component of t h e  Universe whereas t h e  former r e f e r s  t o  
a l l  forms of matter inc luding  massless p a r t i c l e s ,  massive neu t r inos ,  p r imordia l  black 
holes ,  etc which would not i n f luence  t h e  syn thes i s  of t h e  l i g h t  elements provided t h e i r  
t o t a l  mass d e n s i t y  is not  much g r e a t e r  than  Si = 1. Perhaps t h e  most i n t r i g u i n g  a spec t  of 4 

t h i s  work is  t h a t  it g ives  u s  an estimate of how much mass could be hidden on t h e  l a r g e s t  
scale i n  t h e  Universe. 

OUnfortunately t h e  

P 

(c) What is t h e  physical s i g n i f i c a n c e  of t h e  s t rong  evolu t ion  observed i n  r ad io  
sources,  quasars  and now t h e  s te l lar  component of e l l ip t ica l  ga l ax ie s?  A l l  t h e  evidence 
sugges ts  t h a t  evolu t ionary  e f f e c t s  i n  quasars  and g a l a x i e s  are s t rong  and occur over 
r e l a t i v e l y  s h o r t  cosmological t i m e  scales. 
t h e s e  evolu t ionary  e f f e c t s .  
s m a l l  r e d s h i f t s  suggests t h a t  with t h e  Space Telescope, w e  may be ab le  t o  see much s t ronge r  
e f f e c t s  occur r ing  i n  t h e  more d i s t a n t  pas t .  

The b a s i c  problem here is  t h a t  t h e r e  is no theory  of quasars  and r ad io  sources which is 
s u f f i c i e n t l y  secure  f o r  it t o  be used t o  p r e d i c t  what t h e  r e l a t i o n  between t h e  galaxy and 
its a c t i v e  nucleus should be. W e  can a l l  hazard guesses a s  t o  how it comes about. The 
c e n t r a l  black ho le  is fed by gas and, poss ib ly  stars, from the  sugrounding galaxy and 
grows u n t i l  it becomes a quasar - l ike  o b j e c t  when its mass is * 1 0  Mg and t h e r e  i s  a ready 
supply of f u e l .  But it is no t  a t  a l l  clear how ideas  l i k e  t h e s e  can be put  i n t o  a form 
which provides q u a n t i t a t i v e  r e l a t i o n s  between galaxy and quasar evolu t ion .  W e  need more 
phys ica l  understanding of quasar,  r a d i o  galaxy and g a l a c t i c  evolu t ion  t o  be able t o  put  
f l e s h  on t h i s  question. W e  have seen how t h e s e  s t u d i e s  a r e  now poss ib l e  o u t  t o  r e d s h i f t s  
z 
i n  t h i s  r e d s h i f t  range a s  w e l l  a s  by studying those  a t  t h e  l a r g e s t  r e d s h i f t s  with Space 
Telescope. 

(d) Is t h e r e  a r e d s h i f t  cut-off i n  t h e  d i s t r i b u t i o n  of quasars  a t  r e d s h i f t s  z 4 and 
i s  t h i s  r e l a t e d  t o  t h e  epoch of galaxy formation? 
evolu t ion  of the s t e l l a r  component of ga l ax ie s  is r e l a t i v e l y  r ecen t  bu t  w e  haze known 
about t h e  evolu t ion  of r a d i o  sources and quasars  f o r  much longer and t h e s e  o b j e c t s  can be 
observed a t  much g r e a t e r  r e d s h i f t s  than  ord inary  ga l ax ie s .  The evolu t ionary  e f f e c t s  f o r  
quasars  and r a d i o  sources are very l a r g e  indeed c o r j e s q n d i n g  t o  an inc rease  i n  t h e  
comoving space dens i ty  of sources by a f a c t o r  of 1 0  -10 between r e d s h i f t s  of 0 and 2-3. 
Whatever t h e  n a t u r e  of t h e  evolu t ion ,  something d r a s t i c  is occurr ing  over t h i s  r e d s h i f t  
i n t e r v a l .  

W e  need t o  understand t h e  phys ica l  causes  of 
The fact  t h a t  t hese  e f f e c t s  a r e  observed a t  r e l a t i v e l y  

1 and I a m  op t imis t i c  t h a t  w e  w i l l  ga in  g r e a t  i n s i g h t s  from s t u d i e s  of  t h e s e  o b j e c t s  

The  evidence t h a t  t h e r e  is cosmological 

W e  have known f o r  a long t i m e  t h a t  t h i s  evolu t ion  had t o  converge a t  r e d s h i f t s  of t h e  
o rde r  2-3 bu t  it is not clear whether or no t  t h e r e  is a cut-off  a t  a r e d s h i f t  z % 3.53, 
t h e  upper-l imit  t o  known quasar r e d s h i f t s  u n t i l  r ecen t ly .  

The most persuas ive  evidence t h a t  such a cu t -o f f  might e x i s t  came from O s m e r ' s  searches  
f o r  l a r g e  r e d s h i f t  o p t i c a l l y  s e l e c t e d  quasars  i n  which he expected t o  f i n d  9 recognisable  
quasars  on grism p l a t e s  i n  the r e d s h i f t  range 3.5 < z < 4.7 w h i l s t  none w e r e  found. 
Various explana t ions  could be advanced f o r  such a cu t -of f :  

(a) 
l a r g e  f r a c t i o n  of t h e  cePestia1 sphere  is covered by t h e  d i s c s  of g a l a x i e s  and one can 
ar range  parameters  so t h a t  t h e  o p t i c a l  depth becomes about 1 a t  z % 3.5. 

(b)  
i n  which case t h e  c h a r a c t e r i s t i c  Lyman-a l i n e  would no t  be p resen t  t o  be observed. 

(c) 

There might be in te rvening  dus t  i n  t h e  d i s c s  of ga lax ie s .  By a r e d s h i f t  of 3.5, a 

There may be a lack  o f  Lyman-continuum photons or gas  around l a r g e  r e d s h i f t  quasars  

Galaxies may only condense o u t  of t h e  i n t e r g a l a c t i c  gas  a t  z % 4 .  
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(a) It may take cons iderable  t i m e  t o  grow t h e  massive black ho le s  needed t o  power t h e  
most powerful quasars .  It  could be t h a t  a t  z > 4 ,  t h e r e  are quasa r s  bu t  they  have not  
grown t o  t h e  s t a g e  a t  which they  are hyperluminous. 

(e) Perhaps i n  t h e  young ga lax ie s ,  there  is so much d u s t  and gas  t h a t  a l l  t h e  eplission 
of t h e  quasar  is  absorbed and r e r a d i a t e d  i n  t h e  i n f r a r e d  waveband. 

It is  easy t o  devise  tests of var ious  aspec ts  of t h e s e  hypotheses which can be undertaken 
by Space Telescope. 

W e  have been working on t h e  i n t e r p r e t a t i o n  of t h e  r a d i o  source counts and V/V tests 
f o r  r a d i o  s e l e c t e d  o b j e c t s  and w e  have some h i n t s  t h a t  there may indeed be a !!?%-off 
which would sugges t  t h a t  t h e  "obscuration" t h e o r i e s  may not be correct. However much 
m o r e  work is requ i r ed  t o  make t h e  argument a s t rong  one. 

Remarkably, enough, j u s t  after O s m e r ' s  paper appeared, Ann Savage and he r  co l l eagues  i n  
A u s t r a l i a  i d e n t i f i e d  a quasar which turned o u t  t o  have r e d s h i f t  z = 3.78 earlier t h i s  
year. A l l  t h i s  te l ls  u s  is  t h a t  t h e  r e d s h i f t  cu t -o f f ,  i f  it e x i s t s  may not  be very 
abrupt  bu t  then ,  no-one r e a l l y  be l ieved  it should be sha rp  anyway. It w a s  one of those  
i r o n i c a l  coincidences which o f t e n  happen i n  astronomy t h a t  t h i s  d i scovery  w a s  made through 
t h e  o p t i c a l  i d e n t i f i c a t i o n  of a f l a t  spectrum r a d i o  source a t  e x a c t l y  t h e  same t i m e  t h a t  
t h e  UK Schmidt team i n  A u s t r a l i a  took the f i r s t  h igh  d i spe r s ion  prism p l a t e s  w i t h  a new 
prism, one of t h e  main o b j e c t i v e s  of which w a s  t o  f i n d  quasars  w i th  r e d s h i f t  z 4. The 
i n i t i a l  search  w a s  unsuccessfu l  bu t ,  w i t h  t h e  d iscovery  of a quasar  w i t h  z = 3.78, w e  a r e  
conf iden t  t ha t  there are many more l a r g e  r e d s h i f t  quasars  t o  be found. Space Telescope 

i n v e s t i g a t i n g  t h e  r e a l i t y  of t h i s  c u t - o f f .  

(e) What are t h e  processes by which ga lax ies  and c l u s t e r s  f i r s t  formed? I f  one is  an 
o p t i m i s t ,  as most  cosmologis ts  have to  be, it may be t h a t  s t u d i e s  of quasars  and possi-bly 
g a l a x i e s  oveP t h e  r e d s h i f t  range 0 t o  3 w i l l  provide u s  w i t h  real c l u e s  t o  t h e  processes 
by which g a l a x i e s  and c l u s t e r s  f i r s t  formed. There are va r ious  tests one can th ink  of 
which might g ive  us  c l u e s  t o  t h e  o v e r a l l  dynamical evolu t ion  o f  t h e  l a r g e  scale s t r u c t u r e  
of t h e  Universe. For example, one p a r t i c u l a r l y  n i c e  t es t  w i l l  be t o  compare t he  covariance 
zunction zor ga i ax res  aLt a r e a s n i i c  E y i w i r n  Gd.r a.r L i r e  yreaeiii eyuLir. ne: ZIAAUULU --= 
a b l e  t o  see d i r e c t l y  how the  covariance func t ion  has evolved over  a s i g n i f i c a n t  cosmological 
t i m e  frame and t h u s  test d i r e c t l y  t h e  way i n  which g r a v i t a t i o n a l  condensation i n  t h e  
expanding Universe takes place.  However, it is u n l i k e l y  t h a t  we w i l l  g e t  much evidence 
of t h i s  type a t  very l a r g e  r e d s h i f t s .  

Many cosmologis ts  b e l i e v e  t ha t  most o f  t h e  basic processes  which are re spons ib l e  f o r  t h e  
conder?satio.n. of qalaxies and cltlsters into b u n d  systems occurred i n  t h e  r e d s h i f t  range 
5 < z < 1500. cynic  might argue that  it is remarkably convenient f o r  t h e  t h e o r i s t  or 
s p e c u l a t o r  t o  push these processes  t o  a r e d s h i f t  range which is very d i f f i c u l t  f o r  
obse rva t ion  and thus  diminish t h e  p o s s i b i l i t i e s  f o r  confront ing  theory  wi th  observed 
f a c t .  

I n  p r i n c i p l e ,  if t h e r e  e x i s t  d i s c r e t e  ob jec t s  i n  t h i s  r e d s h i f t  range, w e  should be a b l e  
t o  i n v e s t i g a t e  t h e i r  p r o p e r t i e s  and physical cond i t ions  along t h e  l i n e  o f  s i g h t  t o  them. 
However, I be l i eve  it may prove very d i f f i c u l t  t o  f i n d  such o b j e c t s .  C lea r ly ,  they  
would have t o  be h igh ly  luminous o b j e c t s  t o  be observable  and t h e  b e s t  o b j e c t s  f o r  t h i s  
purpnse, t h e  quasa r s ,  show a t  least a convergence i n  t h e i r  d i s t r i b u t i o n ,  i f  no t  a cu t -  
o f f ,  a t  r e d s h i f t s  about  4. 
volume p e r  u n i t  i n t e r v a l  of r e d s h i f t  decreases as z 
space d e n s i t y  of sources  remains cons tan t ,  t h e  p r o b a b i l i t y  of f ind ing  l a r g e  r e d s h i f t  
o b j e c t s  decreases .  

I f  w e  cannot use  d i s c r e t e  o b j e c t s ,  w e  only have t h e  i n t e g r a t e d  p r o p e r t i e s  of t h e s e  o b j e c t s  
t o  look for i.e. d i f f u s e  emission from a background of sources  or emission and absorp t ion  
f e a t u r e s  i n  t h e  background r ad ia t ion .  
background might provide some information bu t  a t  p re sen t  t h e  evidence sugges t s  t h a t  t h e s e  
d i s t o r t i o n s  must be r a t h e r  s m a l l .  

I a m  no t  a t  a l l  o p t i m i s t i c  about studying t h i s  r e d s h i f t  i n t e r v a l  on t h e  b a s i s  of what w e  
know. 

My best bet a t  t h e  moment would be  to  look f o r  aspects of c u r r e n t  t h e o r i e s  of galaxy 
formation which are p o t e n t i a l l y  t e s t a b l e  over t h e  r e d s h i f t  range wi th in  which galaxies 
and quasa r s  w i l l  be observable.  The c l a s s i c a l  s cena r ios  of galaxy formation (which are 
b a s i c a l l y  maintained i n  more r e c e n t  s t u d i e s  involv ing  massive neu t r inos )  may be d iv ided  
i n t o  t h e  adiabatic and isothermal p i c tu re s .  The b a s i c  phys i ca l  d i f f e r e n c e  between these 
p i c t u r e s  is t h a t  i n  t h e  former, a l l  f i n e  scale s t r u c t u r e  is washed o u t  by va r ious  damping 
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I n  addi t ion ,  t h e r e  is :?e awkward f a c t  t h a t  t h e  comoving 
o5dz and so even i f  t h e  comoving 

D i s t o r t i o n s  of t h e  spectrum of t h e  microwave 

I suspec t  w e  need a new discovery t o  make progress  i n  t h i s  area. 
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mechanisms i n  t h e  ea r ly  Universe ( z  > 1500) so t h a t  t h e  l a r g e s t  scale s t r u c t u r e s  form 
f irst ;  i n  t h e  l a t t e r ,  t h e  small scale s t r u c t u r e  forms f i r s t  and l a r g e  scale systems form 
l a t e r  by h i e r a r c h i a l  c l u s t e r i n g .  The epoch a t  which t h e  system f i r s t  formed may be 
roughly es t imated  by equat ing  t h e  mean dens i ty  of t h e  system which forms f i r s t  t o  t h e  
mean dens i ty  of the Universe a t  t h a t  epoch. I t  is t h e r e f o r e  clear t h a t  t h e  b a s i c  
d i f f e r e n c e  is between models i n  which g a l a x i e s  form la te  i n  t h e  Universe ( z  < 5-10] and 
those  i n  which t h e  f i r s t  s t r u c t u r e s  formed much earlier,  z % 20-1000. They a l s o  correspond 
t o  models i n  which galaxy formation t akes  p lace  by fragmentat ion of l a r g e  systems o r  by 
h i e r a r c h i a l  c l u s t e r i n g  of smaller ob jec t s .  It is r a t h e r  p l easan t  t h a t  t h e  two b a s i c  
models r e s u l t  i n  two very  d i f f e r e n t  p i c t u r e s  and t h i s  c e r t a i n l y  g ives  m e  some hope t h a t  
w e  may be a b l e  t o  d isen tangle  how t h e  l a r g e  scale s t r u c t u r e  of t h e  Universe came about  by 
d i r e c t  appeal t o  observation. 

Of course,  i n  addi t ion  t o  these broad p i c t u r e s ,  w e  can appeal t o  a s t rophys ica l  p rocesses  
a s soc ia t ed  wi th  t h e  formation of t h e  d i s c r e t e  o b j e c t s  themselves. It  i s  v i r t u a l l y  
c e r t a i n  t h a t  t h e  formation of a l l  types  of galaxy involves  d i s s i p a t i o n  by r a d i a t i o n  and 
i n  t h e  most massive systems, t h e  d i s s i p a t i o n  may r e s u l t  i n  t h e  emission of s t rong  X-ray 
and u l t r a v i o l e t  r ad ia t ion  a s  shock waves hea t  up t h e  matter c o l l a p s i n g  i n t o  "pancakes" i n  
the  a d i a b a t i c  theory. This is a p o t e n t i a l  source f o r  hea t ing  and i o n i s i n g  t h e  i n t e r -  
g a l a c t i c  gas  discussed by Zeldovich, Sunyaev and t h e i r  co l leagues .  

Another p o s s i b l e  source of hea t ing  appears i n  a r ecen t  model by O s t r i k e r  i n  which it is 
argued t h a t  if galax ies  undergo a per iod  of r ap id  e a r l y  s tar  formation, which produces 
much of t h e  heavy elements, t h e  r e s u l t  of t h e  l a r g e  number of supernovae w i l l  be t o  d r i v e  
a high temperature shock f r o n t  ou t  through t h e  surrounding i n t e r g a l a c t i c  medium. O s t r i k e r  
has proposed t h a t  t h e  c o l l i s i o n  of t h e  b l a s t  waves from d i f f e r e n t  g a l a x i e s  r e s u l t s  i n  a 
new genera t ion  of galaxy formation, much i n  t h e  same way t h a t  t h e  c o l l i s i o n  of supernova 
s h e l l s  may r e s u l t  i n  high compressions and enhanced s ta r  formation. I t  is an important 
ques t ion  whether o r  no t  t h i s  process could occur on a s u f f i c i e n t l y  l a r g e  s c a l e  t o  account 
f o r  t h e  " c e l l - l i k e "  s t r u c t u r e  observed i n  t h e  d i s t r i b u t i o n  of ga l ax ie s .  Again, t h i s  
process  occurr ing  a t  r e d s h i f t s  z % 5-10 may r e s u l t  i n  d e t e c t a b l e  u l t r a v i o l e t  r a d i a t i o n .  
One might see b r igh t  " shee t s "  on t h e  sky where t h e  d i s s i p a t i o n  has taken place.  

If I w e r e  forced t o  express  a personal opinion on which model I would favour,  I am a t t r a c t e d  
t o  t h e  a d i a b a t i c  p i c tu re  f o r  two bas i c  reasons.  F i r s t ,  it n a t u r a l l y  expla ins  why s t rong  
evolu t ionary  e f f e c t s  should be observable r a t h e r  l a t e  i n  t h e  Universe. 
only form a t  r e d s h i f t s  z % 5-10, it is n a t u r a l  t h a t  w e  should see very s t rong  evolu t ionary  
e f f e c t s  over t h i s  r e d s h i f t  range. Second, t h e  model provides a d i r e c t  explana t ion  f o r  
t h e  l a r g e  scale holes i n  t h e  Universe. I am not implying t h a t  it is not  poss ib l e  t o  
expla in  t h i s  phenomenon i n  o t h e r  models, bu t  it i s  much less a b a s i c  p red ic t ion  of t h e  
o the r  models. 
formation i s  brought wi th in  t h e  range of obse rva t iona l ly  a c c e s s i b l e  r e d s h i f t s  a t  e s s e n t i a l l y  
a l l  wavelengths and t h i s  would be a very e x c i t i n g  prospect.  

( f )  How secure  a re  ou r  ideas  about t h e  chemical composition of t h e  primordial  m a t e r i a l  
from which ga lax ie s  and c l u s t e r s  formed? Proceeding y e t  f u r t h e r  back i n  t i m e ,  a c r u c i a l  
cosmological datum provided by u l t r a v i o l e t  astronomy has been t h e  cosmic abundance of 

e u t e  ium. It cannot be overemphasised how important t h e  abundance of t h e  elements, D, 
'He, 'He, 'Li  are for  t h e  hot b ig  bang model. They provide t o t a l l y  independent evidence 
from t h a t  of t h e  observation of t h e  microwave background r a d i a t i o n  t h a t  t h e  Universe went 
through a very hot ,  dense phase. They a l s o  provide us with t h e  p o s s i b i l i t y  of determining 
t h e  mean baryonic  mass dens i ty  i n  t h e  Universe a s  w e l l  as a number of important c o n s t r a i n t s  
on elementary p a r t i c l e  physics.  

Deuterium w i l l  j u s t  be observable  by t h e  High Resolut ion Spectrograph of t h e  Space Telescope 
and it i s  of obvious importance t o  study t h e  constancy or v a r i a b i l i t y  of t h i s  spec ie s  i n  
a wide v a r i e t y  of d i f f e r e n t  cosmic environments inc luding  comets, t h e  i n t e r s t e l l a r  gas ,  
t h e  Ga lac t i c  c e n t r e  e t c .  

Since o b j e c t s  

I f  my guess were c o r r e c t ,  then it would have t h e  consequence t h a t  galaxy 

(9) What can t h e  astronomer do about t h e  ques t ions  now being r a i s e d  by particle 
. .  

p h y s i c i s t s  about t h e  very e a r l y  evolu t ion  of t h e  Universe ( I O - ~ ~ > ~ > ~ O - ~  seconds)? 
It is remarkable how rap id ly  what a few yea r s  ago would have been regarded as wild 
specula t ion  can become orthodoxy. 
p a r t  of every undergraduate astronomer's  course ,  t h i n g s  are moving i n  t h a t  d i r e c t i o n .  
These ideas  address  themselves d i r e c t l y  t o  t h e  t h r e e  fundamental ques t ions  which I l i s t e d  
a t  t h e  very beginning of t h e  present  s e c t i o n  (which is s t i l l  2 . 6 ! ) .  
derived from conclusions which are drawn from astronomical  obse rva t ions  p lus  t h e  b e s t  
theory w e  have ava i l ab le .  It is our  job t o  s u b j e c t  t h e s e  observa t ions  and t h e  b e s t  
a s t rophys ica l  theory  t o  t h e  most search ing  of s c r u t i n y  because t h e r e  are fundamental 
i s s u e s  a g q p k e ,  some of which may only be addressed by appea l  t o  what happened i n  t h e  
f i r s t  1 0  Each p a r t  of t h e  p i c t u r e  wi th in  our  observable 

Whilst Grand Unif ied Theories  are n o t  y e t  an e s s e n t i a l  

I n  t u r n ,  t hese  are 

second i n  t h e  Universe. 

Y 

c 
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Universe must be t e s t e d  and a l l  t h e  ques t ions  r a i s e d  above under headings (a )  t o  ( f )  
should r ece ive  convincing answers before  w e  can proceed back t o  t h e  ear l ies t  s t ages .  

2.7 Conclusions 

It w i l l  have been apparent t h a t  e s s e n t i a l l y  a l l  t h e  major i s s u e s  I have h igh l igh ted  i n  
t h e  above summary can be addressed i n  a unique manner by t h e  Space Telescope. I n  
add i t ion ,  you w i l l  have no t i ced  t h a t  many of t h e  i s s u e s  involve  obse rva t ions  i n  wavebands 
o t h e r  t han  t h e  o p t i c a l  and u l t r a v i o l e t .  Thus, a l l  astronomers, no matter what t h e i r  
wavelength persuasion, w i l l  have a vested i n t e r e s t  i n  t h e  success and r e s u l t s  of t h e  
Space Telescope. It w i l l  a l s o  be noted how t h e  whole p i c t u r e  i n t e r l o c k s  l i k e  a g i a n t  
jigsaw. I f  one p a r t  of t h e  p i c t u r e  changes, it has repercuss ions  f a r  beyond i ts  immediate 
s ign i f i cance .  This,  of course ,  is one of t h e  g r e a t  a t t r a c t i o n s  of as t ronomical  research .  
The u l t ima te  syn thes i s  i n t o  a grand cosmological p i c t u r e  is t h e  work of a huge number of 
s epa ra t e  l i n e s  of i n v e s t i g a t i o n .  

3. Concerns about t h e  Space Telescope S c i e n t i f i c  Programme 

I w i l l  i n d i c a t e  some of t h e  ques t ions  which I be l i eve  w e  ought t o  be address ing  a s  a 
community i n  o rde r  t o  r eap  t h e  maximum s c i e n t i f i c  advantage from t h e  Space Telescope. 

3 .1  

The immense s t r i d e s  which have been t a k e n  i n  t h e  l a s t  30 yea r s  i n  modern astronomy must 
r ep resen t  one of t h e  g r e a t e s t  per iods  of advance ever i n  astronomy. It is remarkable 

i.e. from t h e  time t h e  Space Telescope p ro jec t  w a s  approved. I t  is worthwhile r e c a l l i n g  
some of t h e  major advances which have taken p lace  over t h a t  per iod .  To select some 
prominent events:  

(i) The I n t e r n a t i o n a l  U l t r a v i o l e t  Explorer ( I U E ) ;  
(ii) The E i n s t e i n  X-ray Sa te l l i t e  Observatory; 
(iii) The Very Large Array; 
( i v )  The Voyager I and I1 missions t o  J u p i t e r  and Saturn.  

It is d i f f i c u l t  now t o  imagine our view of astronomy without  t h e s e  obse rva to r i e s  and t h e  
huge c o n t r i b u t i o n s  they  have made t o  ou r  knowledge of astronomy. Equally t h e  d e s c r i p t i o n  
of t h e  major problems of astronomy and cosmology which I presented  i n  Sec t ion  2 i s  l a r g e l y  
based upon r ecen t  understanding of t hese  problems. 
p i c t u r e  f i v e  yea r s  ago. Then, w e  d i d  not know about t h e  double quasar which i s  convincingly 
demonstrated to be a g r a v i t a t i o n a l  l e n s ,  or  t h e  convincing demonstration of superluminal 
v e l o c i t i e s  i n  3C273, or about precess ing  r e l a t i v i s t i c  jets i n  SS433, and so on. 

I be l i eve  t h e  period up t o  t h e  launch of t h e  Space Telescope w i l l  be one of equal ly  r a p i d  
evo lu t ion  of our  subject  and we must be i n  a pos i t i on  t o  respond t o  t h e s e  new cha l lenges  
I n  t h e  programmes proposed. My reason for see ing  major advances I n  t h e  next few yea r s  
is l a r g e l y  based upon t h e  widespread use of h ighly  e f f i c i e n t  e l e c t r o - o p t i c a l  devices on 
most of our large te lescopes .  
been e s s e n t i a l l y  impossible by t r a d i t i o n a l  techniques.  They enable us t o  address t h e  
basic ques t ions  i n  a much more systematic and q u a n t i t a t i v e  form than  has been p o s s i b l e  
prev ious ly .  

W e  must t h e r e f o r e  ensure t h a t  t h e  maximum f l e x i b i l i t y  i s  b u i l t  i n t o  t h e  procedures by 
which observing programmes a r e  selected for observa t ion  by the  Space Telescope. I t  
would be wrong t o  judge t h e  importance of t h e  programmes by what w e r e  seen t o  be t h e  
e s s e n t i a l  ques t ions  i n  1977 or 1982. 

The r ap id  evolu t ion  of modern astronomy 
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I would have w r i t t e n  a r a t h e r  d i f f e r e n t  

These have made poss ib l e  many programmes which would have 

3.2 The need f o r  systematic observations 

A t  t h e  r ecen t  Vatican Study Week on Astrophysical Cosmology, I made a list of some of t h e  
most important obse rva t iona l  r e s u l t s  which formed t h e  basis f o r  our p re sen t  understanding 
of t h e  Universe and t h e  o b j e c t s  which populate it. I reproduce t h i s  as Table 2 .  

You w i l l  no t i ce  t h a t  a l l  of t h e s e  r e s u l t  from l a r g e  and sys temat ic  s t u d i e s .  I n  o t h e r  
words, r a r e l y  i n  astronomy does one make a s i n g l e  simple observa t ion  which r e s u l t s  i n  a 
quantum l e a p  i n  our understanding. A s  soon as such a phenomenon is observed, t h e  
immediate ques t ion  is "How common Is It among s i m i l a r  o b j e c t s  of i ts c l a s s?"  and t r u e  
understanding only comes from f u r t h e r  systematic s t u d i e s .  Perhaps t h e  most s t r i k i n g  
except ion  t o  t h i s  r u l e  is t h e  discovery of t h e  microwave background r a d i a t i o n  bu t  I would 
argue t h a t  there La no o t h e r  member o f  its class a v a i l a b l e  f o r  observa t ion  i n  cosmology! 

P 
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Table 2 

Some s t u d i e s  described during t h e  Vat ican Study Week 

The covariance func t ion  f o r  g a l a x i e s  
The t h r e e  dimensional d i s t r i b u t i o n  of ga l ax ie s  
The luminosity-velocity d i spe r s ion  r e l a t i o n  
Evolut ion o f  g i a n t  e l l i p t i c a l  g a l a x i e s  
Distances of nearby ga lax ie s  
Surveys o f  r ad io  q u i e t  quasars  
Radio galaxy i d e n t i f i c a t i o n s  
X-r3y coynts #or quasars and a c t i v e  ga l ax ie s  
D, H e ,  H e ,  L i  abundances 

Therefore,  I firmly be l i eve  t h a t  t h e  way forward i s  through t h e  p u r s u i t  of sys temat ic  

be t h a t  we a r e  lucky and another s i n g l e  g r e a t  discovery w i l l  be made which a t  a s t r o k e  
answers some o f  t he  profound problems which I have descr ibed  above. R e a l i s t i c a l l y  
speaking, however, such a discovery is most l i k e l y  t o  come ou t  o f  t h e  sys temat ic  s t u d i e s ,  

Th i s  i s  no t  a t r i v i a l  ques t ion  when one cons iders  how many observing programmes t h e r e  are 
and t h e  f i n i t e  l i f e  of t h e  te lescope .  I would make a p l ea  t h a t  c e r t a i n  l a r g e  scale 
programmes of observation should be undertaken i n  a sys temat ic  way i n  o r d e r  t o  ensure  
t h a t  many of t h e  bas ic  programmes are c a r r i e d  ou t .  A n  e x c e l l e n t  r ecen t  example of t h e  
importance of these  s t u d i e s  i s  t h e  IUE co l l abora t ion  on NGC 4151. I n  t o t a l  about 80 8 
hour s h i f t s  have been devoted by t h e  consortium t o  its s tudy  and t h e  discovery of t h e  
c o r r e l a t e d  a c t i v i t y  would not  have been achieved without  t h e  agreement of many astronomers 
t h a t  t h i s  o b j e c t  was o f  unique importance. None of t h e  astronomers involved would have 
dreamed of such an important r e s u l t  before  t h e  s h i f t s  w e r e  a l l o c a t e d  and y e t  it has pa id  
huge dividends.  I r e c a l l  t h a t  a t  t h e  Princeton meeting on " S c i e n t i f i c  Research with t h e  
Space Telescope", D r  Sargent suggested t h a t  w e  would r e a l l y  l e a r n  something about a c t i v e  
nuc le i  i f  all t h e  observing t i m e  on Space Telescope were dedica ted  t o  observa t ions  of 
NGC 4151, 3C 273 and M 87. I am s u r e  every astronomer w i l l  have h i s  own f a v o u r i t e  
o b j e c t s  t o  r ep lace  these  ac t ive  ga lax ie s .  

My personal  hope i s  t h a t  l a r g e  bodies of astronomers w i l l  app rec i a t e  t h e  importance of 
devot ing adequate t i m e  f o r  sys temat ic  s t u d i e s  wi th  Space Telescope and form c o n s o r t i a  who 
w i l l  enable these  p ro jec t s  t o  be c a r r i e d  c u t .  Indeed, one could specu la t e  whether o r  
no t  a l a r g e  por t ion  of t h e  t i m e  on Space Telescope might no t  be a l l o c a t e d  i n  t h i s  way. 
This b r ings  m e  n a t u r a l l y  t o  t h e  next poin t  which concerns how much sc ience  one w i l l  be 
a b l e  t o  achieve. 

3.3 The time ava i l ab le  on Space Telescope 

It i s  becoming c l e a r e r  what t h e  observing c o n s t r a i n t s  w i l l  be f o r  Space Telescope and how 
t o  optimise ones observing programme t o  make b e s t  use of t h e  t i m e  ava i l ab le .  The b a s i c  
c o n s t r a i n t s  a r e  set by t h e  requirement t h a t  t h e  t e l e scope  be adequately sh i e lded  from 
s u n l i g h t  and t h e  b r igh t  Ear th  and t h e  f a c t  t h a t  t h e  s l e w  r a t e  of t h e  t e l e scope  is roughly 
t h e  r a t e  a t  which a minute hand moves around a clock face.  This means t h a t  f o r  any 2 

s u b s t a n t i a l  exposure you have t o  be on t h e  darks ide  of t h e  Ear th  and hence t h a t  i nd iv idua l  
exposures a r e  l imi ted  t o  less than  about 40  minutes pe r  o r b i t .  One can, of course,  
achieve long exposures by adding toge the r  success ive  o r b i t s .  

There a r e  thus  advantages i n  working i n  r e l a t i v e l y  s m a l l  f i e l d s  and avoiding changing 
guide stars as much as poss ib le .  Even when one does t h i s ,  it is  important t o  look a t  
how long it t akes  t o  achieve l i m i t i n g  perfoimance of t h e  te lescope .  For example, t h e  
Wide F i e l d  C a m e r a  w i l l  probably be a b l e  t o  achieve about V % 28 i n  a s i n g l e  40 minute 
exposure. This is t h e  s o r t  of magnitude one would want t o  achieve t o  measure Cepheid 
v a r i a b l e s  i n  ga lax ies  of t h e  Virgo c l u s t e r .  
of 1 0  g a l a x i e s  i n  the Virgo c l u s t e r  by measuring t h e  l i g h t  curves  of t h e i r  Cepheid 
va r i ab le s .  Then, using, say,  10  epochs per  galaxy, one would r e q u i r e  100 h a l f  o r b i t s .  
In  terms of useage of t he  t e l e scope ,  t h i s  would correspond to about 150 hours of t e l e scope  
time o r  roughly 6 days. I n  f a c t  s i n c e  t h e  average t i m e  f o r  sc ience  w i l l  on ly  be about 
30-35%, it is more l i k e l y  t h a t  t h i s  would t ake  about 10 days of real t i m e .  

The po in t  of t h i s  example is t o  show t h a t  some of t h e  most important  programmes which 
push t h e  c a p a b i l i t i e s  of t h e  system t o  t h e  l i m i t  are very  t i m e  consuming. 
extreme, p l ane ta ry  observations could e a s i l y  f lood  t h e  whole community wi th  d a t a  i n  a 
very s h o r t  t i m e .  

However one does t h e  sums, Space Telescope observing t i m e  w i l l  be a very sca rce  commodity 

s t u d i e s  i n  a l l  t h e  f i e l d s  se l ec t ed  f o r  observa t ion  by Space Telescope. I t  may of course  Y 

a s  f o r  example, happened i n  t h e  cases of quasars ,  p u l s a r s ,  X-ray b i n a r i e s ,  etc. 

Suppose you wanted t o  measure t h e  d i s t a n c e s  

A t  t h e  o t h e r  

132 



and it is  p l a i n  t h a t  observing t i m e  should only  be granted  t o  those  programmes which n o t  
only a r e  of t h e  h ighes t  s c i e n t i f i c  importance bu t  a l s o  make most e f f e c t i v e  use  of t h e  
a v a i l a b l e  t i m e .  Thus, I be l i eve  we should no t  n e c e s s a r i l y  be looking t o  achieve l i m i t i n g  
performance a l l  t h e  t i m e .  W e  w i l l  g e t  a b e t t e r  s c i e n t i f i c  balance by l i m i t i n g  t h e  
numbers of very long exposures t o  c e r t a i n  c r u c i a l  observa t ions .  The advantages of 
d i f f r a c t i o n  l imi t ed  performance and t h e  opening up of t h e  u l t r a v i o l e t  waveband f o r  imaging 
and high s e n s i t i v i t y  spectroscopy w i l l  be such a s  t o  produce v a s t  amounts o f  important 
data i n  ha l f  o r b i t  observa t ions .  

3 . 4  Ground based back-up 

I have two main concerns here .  F i r s t ,  t h e r e  is t h e  ques t ion  of whether w e  have appropr i a t e  
ground based material t o  be compared with t h e  superb q u a l i t y  of data which w e  w i l l  r ece ive  
from t h e  Space Telescope. My own experience of t r y i n g  t o  accumulate s u i t a b l e  high 
q u a l i t y  material f o r  t h e  programmes I would l i k e  t o  c a r r y  o u t  wi th  Space Telescope has 
been t h a t  it r e q u i r e s  a huge e f f o r t  to get it a l l  t oge the r .  One r e a l l y  needs access  t o  
t h e  same types  of instruments which w i l l  be flown on Space Telescope. Nowadays, d i g i t a l  
spec t rographs  are i n  genera l  use world-wide bu t  CCD and IPCS cameras are no t  y e t  a v a i l a b l e  
t o  a l l  u s e r s  on l a r g e  te lescopes .  There is so much which can be done from t h e  ground 
wi th  t h e s e  devices  t h a t  I hope they  are f u l l y  exp lo i t ed  be fo re  t h e  time comes t o  reques t  
Space Telescope time. 

My second concern relates t o  t h e  image processing f a c i l i t i e s  which w i l l  be a v a i l a b l e  t o  
t h e  u s e r  a t  h i s  home i n s t i t u t e  f o r  t h e  a n a l y s i s  o f  t h e  sc i ence  data. Most of t h e  world 
l ead ing  i n s t i t u t e s  now have t h e i r  own image process ing  f a c i l i t i e s  bu t  t h e r e  is a t  p re sen t  
1itt1n standardisation and one w o r r i e s  about t h e  t e c h n i c a l  f e a s i b i l i t y  of astronomers 
ana lys ing  t h e i r  d a t a  e f f e c t i v e l y  a t  t h e i r  home i n s t i t u t i o n .  
sys tems and w e  must ensure t h a t  t h e r e  i s  n o t  excess ive  d u p l i c a t i o n  of e f f o r t .  W e  have 
t r i e d  t o  avoid t h i s  i n  t h e  UK by developing a n a t i o n a l  system f o r  as t ronomical  image 
process ing ,  " S t a r l i n k " ,  with l inked  VAX computers and one would hope t h a t  such a system 
might be expanded i n t e r n a t i o n a l l y  and t h u s  take some of t h e  p re s su re  o f f  t h e  f a c i l i t i e s  
a t  t h e  Space Telescope Science I n s t i t u t e .  

There are many data process ing  

3.5 The Space Telescope Science I n s t i t u t e  

F i n a l l y ,  I should mention t h e  s i n g u l a r  importance of t h e  Space Telescope Science I n s t i t u t e ,  
c u r r e n t l y  under cons t ruc t ion  a t  John Hopkins Univers i ty ,  Baltimore. Th i s  w i l l  become 
one of t h e  g r e a t  astronomical c e n t r e s  of t h e  world. However, it w i l l  be remembered by 
most of u s  f o r  t h e  s e r v i c e  it provides to u s  as u s e r s  i n  be ing  able t o  c a p i t a l i s e  f u l l y  
on t h e  unique c a p a b i l i t i e s  of t h e  Space Telescope. W e  must provide D r  Giacconi and h i s  
team wi th  every support  i n  accomplishing a most d i f f i c u l t  b u t  v i t a l  t a s k .  

- 
4 .  Conclusion - a h i s t o r i a i  paradigm fo r  che Space relescope 

R e f l e c t i n g  on t h e  Space Telescope p ro jec t ,  one t r ies  t o  t h i n k  of h i s t o r i c a l  paradigms 
whi%h may i l l u m i n a t e  t h e  s o r t  of progress w e  might hope t o  make with such a f a c i l i t y .  
For me, t h e  c l o s e s t  h i s t o r i c a l  p a r a l l e l  is with Tycho Brahe and t h e  cons t ruc t ion  of h i s  
g r e a t  observa tory  on t h e  i s l a n d  of Hveen near  Denmark i n  t h e  per iod  1576 t o  1586. For 
m e ,  Tycho Brahe i s  one of t h e  greatest of s c i e n t i s t s .  I n  many ways w e  should cons ider  
h i m  t o  be t h e  f a t h e r  of modern astronomy. Unlike o t h e r  geniuses  of t h e  per iod ,  such as 
Kepler and Newton, he was a b r i l l i a n t  instrument des igner  and observer.  H e  apprec ia ted  
t h e  importance of making sys temat ic  observa t ions  over long per iods .  H e  aimed t o  achieve 
t h e  u l t i m a t e  accuracy poss ib l e  and t o  t h a t  end designed and cons t ruc t ed  t h e  most advanced 
ins t ruments  of h i s  t i m e  f o r  t h e  measurement of t h e  p o s i t i o n s  of t h e  stars and p l ane t s .  
All t h e s e  instruments used t h e  naked eye, G a l i l e o ' s  d i scovery  of t h e  t e l e scope  being 
s t i l l  30 yea r s  i n  t h e  fu tu re .  H e  w a s  the  f i r s t  astronomer t o  t a k e  i n t o  account  e f f e c t s  
such a s  t h e  r e f r a c t i o n  of l i g h t  i n  t h e  E a r t h ' s  atmosphere and t h e  f l e x u r e  of h i s  l a r g e  
ins t ruments  under g r a v i t y  both of which would lead  t o  sys temat ic  e r r o r s  i n  h i s  measurements 
over  t h e  sky. H e  w a s  t h e  f i r s t  astronomer t o  understand t h e  importance of sys temat ic  
and random e r r o r s  i n  his observa t ions .  These are now a l l  p a r t  of s tandard  s c i e n t i f i c  
p r a c t i c e  bu t  it took a genius l i k e  Tycho Brahe t o  apprec i a t e  t h e i r  importance a t  a t i m e  
which p reda te s  t h e  work of Ga l i l eo  and Newton. 

I n  t h e  end, Tycho Brahe achieved an accuracy of 2 arcmin i n  h i s  observa t ions  of t h e  s t a r s  
and p l a n e t s  from sys temat ic  observations over  a per iod  of 20 years .  Th i s  represented  an  
o r d e r  o f  magnitude improvement over a l l  prev ious  work. H i s  f i n a l  ca ta logue  l i s t e d  the  
p o s i t i o n s  of 777 stars which r ep resen t s  more than  75% of t h e  stars which can be observed 
wi th  t h e  naked eye from t h e  l a t i t u d e  of Denmark. I n  add i t ion ,  t h e  motions of t h e  Sun 
and t h e  p l a n e t s  on t h e  sky were sys temat ica l ly  measured over  a per iod  of up t o  20 years .  

A l l  t h i s  would have been impossible without adequate sponsorship and t h i s  w a s  provided by 
King Freder ick  I1 of Denmark who, r e a l i s i n g  t h e  s c i e n t i f i c  p r e s t i g e  of Tycho Brahe, 
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prevented him "brain-draining" t o  Germany by making him an o f f e r  he could not  resist. 
H e  w a s  o f f e r e d  the  i s l a n d  of Hveen f o r  t h e  purpose of bu i ld ing  t h e  b e s t  observatory 
poss ib l e  and w a s  provided "with s u f f i c i e n t  endowments t o  enable  him t o  c a r r y  o u t  as t ronomical  
observa t ions  i n  t h e  most e f f e c t i v e  way". In  f a c t ,  t h e  whole e n t e r p r i s e  w a s  an expensive 
undertaking, t h e  great observatory a t  Hveen having c o s t  Frederick I1 "more than a t u n  of 
gold",  according to  Tycho, which i s  probably equ iva len t  t o  about $5-10 mi l l i on  a t  todays 
p r i ces .  

One cannot b u t  be s t ruck  by t h e  s imilar i t ies  between Tycho's g r e a t  p r o j e c t  and t h e  Space 
Telescope p r o j e c t .  Both p r o j e c t s  were supported by en l ightened  agencies  f o r  t h e  advance- 
ment of pure science; both p r o j e c t s  increased  t h e  p rec i s ion  of astronomical observa t ions  
by an o rde r  of magnitude o r  more over what w a s  poss ib l e  previously;  f o r  both p r o j e c t s ,  a 
dedicated sc i ence  i n s t i t u t e  w a s  c rea ted ;  t he  du ra t ions  of t h e  p r o j e c t s  were s i m i l a r ;  
both p r o j e c t s  u t i l i s e d  t h e  u l t ima te  i n  s c i e n t i f i c  technology a v a i l a b l e  t o  them. 

W e  can only  hope t h a t  t h e  u l t i m a t e  s c i e n t i f i c  r e t u r n  from t h e  Space Telescope w i l l  be as 
g r e a t  as t h a t  of Tycho's observatory.  From Tycho's observa t ion ,  Kepler w a s  a b l e  t o  show 
t h a t  t h e  o r b i t  o f  Mars w a s  no t  a circle bu t  an e l l i p s e  with t h e  Sun loca ted  a t  one focus.  
This  conclusion could n o t  have been drawn from previous work s ince  t h e  discrepancy between 
t h e  b e s t  f i t t i n g  c i rcular  o r b i t  and the  observed o r b i t  w a s  only 8 arcmin i.e. a 4s 
discrepancy which Xepler r i g h t l y  considered t o  be unacceptable ,  so s t rong  w a s  h i s  confidence 
i n  Tycho's observat ions.  
Motion from Tycho's observations of t h e  movement of  t h e  Sun and p l a n e t s  aga ins t  t h e  
background of  f ixed stars. I n  t u r n ,  Newton der ived from Kepler ' s  l a w s ,  h i s  Law of Gravi ty  
which must  rank as one of t h e  g r e a t e s t  i n t e l l e c t u a l  achievements of a l l  t i m e .  I n  h i s  
a n a l y s i s ,  t h e  f a c t  of e l l i p t i c a l  r a t h e r  than c i r c u l a r  o r b i t s  w a s  c r u c i a l  as confirmation 
of t h e  inverse-square na ture  of  t h e  l a w  of g rav i ty .  N o t e ,  however, t h a t  t h i s  would n o t  
have been poss ib l e  without t h e  b r i l l i a n t  observa t iona l  d a t a  of Tycho Brahe. 
achieve with Space Telescope anything which even remotely approaches t h e  fundamental 
importance of t h a t  g r e a t  discovery,  Space Telescope w i l l  have achieved r e a l  g rea tness .  

H e  then went on t o  de r ive  a l l  t h r e e  of  h i s  Laws of P l ane ta ry  
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